
SYNTHETIC STRATEGIES AND MOLECULAR INTERACTIONS: OXIDATIVE COUPLINGS IN NATURAL 

PRODUCT SYNTHESIS AND QUANTITATIVE ASSESSMENT OF HYDROGEN-BONDING 

Cameron B. Berlin 

in 

Chemistry 

Presented to the Faculties of the University of Pennsylvania 

in 

Partial Fulfillment of the Requirements for the  

Degree of Doctor of Philosophy 

2025 

 

Supervisor of Dissertation 

Marisa C. Kozlowski, Ponzy Lu Endowed Professor of Chemistry 

 

Graduate Group Chairperson 

E. James Petersson, Professor of Chemistry 

 

Dissertation Committee 

Karen I. Goldberg, Vagelos Professor of Energy Research 

Virgil Percec, P. Roy Vagelos Professor of Chemistry 

Patrick J. Walsh, Rhodes-Thompson Professor of Chemistry 



ii 

 

This thesis is dedicated to my grandmother, Bella Padar. I love you and I miss you.  



iii 

 

ACKNOWLEDGMENTS 

Firstly, I’d like to thank my feline research assistant and cat-llaborator, Keanu Berlin. Without 

his emotional support and cozy companionship, this thesis would not have been possible.  

I am grateful to my advisor, Dr. Marisa Kozlowski, and feel truly fortunate to have had the 

opportunity to work with her during my PhD. Working in her lab has challenged me to grow into 

an independent scientist and has shaped the way I approach research and problem-solving.  

I want to thank the members of my dissertation committee, Dr. Karen Goldberg, Dr. Virgil 

Percec, and Dr. Amos Smith. Their positive and constructive feedback throughout the years have 

been encouraging and invaluable to my growth as a scientist. I’d also like to thank Dr. Patrick 

Walsh for agreeing to be a member of my committee after Dr. Smith passed away.  

I also want to thank the other members of the Kozlowski group, both past and present, who 

made the lab feel like both a home and a family. Dr. Hanna Roenfanz’s mentorship and friendship 

means the world to me. To Dr. Chris Sojdak, you kept the lab from falling apart and were an 

excellent mentor, leader, and friend that both I and the Kozlowski group were extremely lucky to 

have.  I wouldn’t have gotten through grad school without Kalyana Duggal (you’ve made life fun 

and been a great shoulder to lean on), Cassandra Vu (you’ve been a source of stability and 

kindness), and Cindy Liu (you are incredibly brilliant and lovable). I love you all dearly. 

A special thanks to my friends in grad school for going to Chili’s on my birthday with me, 

even though the food and service was (sometimes) terrible. I have made so many great memories 

with so many great people over the past five years. Special shoutouts to Maura Gibbs and Max 

Furigay for vent sessions and just all-around amazing friends. I’d also like to thank my platonic 

friend, Steven Gassner, for being a pal and teaching me about magnets. 



iv 

 

Thank you to Dr. Jay Skipper, my high school chemistry teacher, for being the person who got 

me interested in organic chemistry in the first place. You made me feel like I was good at 

something, which gave me the confidence and motivation to pursue chemistry. I would not be on 

the path I am if I hadn’t had you as a teacher. 

I want to thank my grandparents, Stephen and Bella Padar, for their endless love and support. 

My grandfather fostered an intellectual curiosity in me that has shaped who I am as a person and 

helped me become the scientist and independent thinker I am today. 

Finally, I’d like to thank my mother, the honorable Judge Donna Padar, who has provided me 

with truly unconditional love my entire life. I am so proud to call you my mom and I’m so grateful 

for everything you’ve done for me. I definitely could not have done any of this without you. 



v 

 

ABSTRACT 

SYNTHETIC STRATEGIES AND MOLECULAR INTERACTIONS: OXIDATIVE 

COUPLINGS IN NATURAL PRODUCT SYNTHESIS AND QUANTITATIVE 

ASSESSMENT OF HYDROGEN-BONDING 

Cameron B. Berlin 

Marisa C. Kozlowski 

(1) The first total syntheses of glycoborinine, clausenawalline A, and clausenawalline E were 

achieved. The key step employed a vanadium-catalyzed oxidative coupling of two 

hydroxycarbazole monomers. High-throughput experimentation was used to identify 

conditions favoring selective heterocoupling of these monomers that possess similar redox 

potentials. A combination of a vanadium catalyst and 4-acetamido-TEMPO gives rise to 

greatly enhanced cross selectivity relative to the vanadium catalyst alone. Conditions to 

selectively form homodimer clausenawalline A or heterodimer clausenawalline E as the major 

product were found. 

(2) (a) Hydrogen bonding is a key factor in the design of ligands for biological binding, including 

drug targets. Our group previously developed a method for experimentally assessing the 

hydrogen-bond-donating ability using UV–vis titrations with a colorimetric sensor. Using this 

method, 79 new titrations were performed on weak, biologically relevant hydrogen-bond 

donors. The hydrogen-bond donating abilities of drug compounds and the substructures of drug 

compounds were also measured. (b) Trifluoromethyl ketones (TFMKs) readily form stable 

hydrates and hemiketals in solution, allowing them to interact with biomolecules as hydrogen-

bond donors. This interaction is governed by both the hydration equilibrium and the hydrogen-

bonding strength for a given compound.  The hydrogen-bond-donating abilities for aryl, 
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heterocyclic, and alkyl TFMKs were evaluated. Values were adjusted based on the percent 

hydrate present in solution to provide insight into the hydrogen-bond-donating ability of the 

hydrate species. 

(3) The cyclization of medium-sized biaryl rings presents a longstanding challenge in synthetic 

chemistry due to entropic penalties and unfavorable ring strain. The biosynthesis of cyclic 

diarylheptanoids, a class of bioactive natural products, involves cyclization via an 

intramolecular oxidative phenol coupling, which inspired our efforts to reproduce this 

transformation synthetically. Numerous oxidative conditions were screened but were low-

yielding due to competing intermolecular coupling pathways. To promote intramolecular 

coupling, pre-organization strategies using molecular containers, including cyclodextrins and 

metal-organic frameworks (MOFs), were explored. While cyclodextrins were capable of guest 

binding, they failed to improve selectivity. MOFs exhibited low reactivity, likely due to 

insufficient guest encapsulation. These studies highlight the difficulty of achieving selective 

macrocyclization via oxidative coupling and suggest that more effective templating methods, 

such as enzymes, are required. 
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CHAPTER 1: TOTAL SYNTHESES OF CLAUSENAWALLINES A AND E  

The following chapter is reprinted (adapted) from Berlin, C. B.; Roenfanz, H. F.; Salwen, M.; 
Nehete, S.; Kozlowski, M. C. Total Syntheses of Clausenawallines A and E. Org. Lett. 2024, 26 
(25), 5243–5247. Copyright 2024 American Chemical Society. Cameron B. Berlin was responsible 
for the development and optimization of the synthetic route for glycoborinine (1.11), 
clausenawalline E (1.1), and clausenawalline A (1.2) as well as writing both the manuscript and 
supplementary information. 

1.1 Background. 

Dimeric clausenawallines are a class of bis(carbazole) alkaloids that were first isolated from 

Clausena wallichii roots.1,2 Although these compounds exhibit a range of biological activity, there 

are no reported literature syntheses.3–5 We envisioned synthesizing homodimeric clausenawalline 

A and heterodimeric clausenawalline E (1.1 and 1.2, Figure 1.1) via an oxidative coupling of two 

hydroxycarbazole monomers.  

Figure 1.1 Structures of dimeric clausenawallines 

 

Oxidative couplings are advantageous in synthesis because they eliminate the need to pre-

functionalize the aryl rings. Homo-couplings of hydroxycarbazoles have been studied extensively 

in the literature.6–8 However, most methods suffer from poor regioselectivity or rely on blocking 

possible reactive positions to obtain the desired regiochemical outcome.9,10 The Kozlowski group 
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has previously investigated regioselective and asymmetric oxidative couplings of 2-

hydroxycarbazoles using a vanadium catalyst (Scheme 1.1A and B).11–13 Takizawa and Sasai have 

investigated asymmetric oxidative couplings of hydroxycarbazoles including homo-couplings14,15 

and hetero-couplings with 2-naphthol (Scheme 1.1C).16–19  In addition, they have reported one 

hetero-coupling between two different hydroxycarbazoles (Scheme 1.1C).20 To our knowledge, 

this was the only previously reported literature example of an oxidative hetero-coupling between 

two different hydroxycarbazoles.  

We report both homo-couplings and hetero-couplings of complex hydroxycarbazoles to 

accomplish the first syntheses of dimeric clausenawalline natural products. 
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Scheme 1.1 Oxidative couplings of hydroxycarbazoles 
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Our envisioned synthesis of clausenawalline E involved an oxidative hetero-coupling of two 

different hydroxycarbazole monomers. Such hetero-couplings have been understudied in the 
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hydroxycarbazole. In particular, there is no precedent for the coupling of 2-hydroxycarbazole with 

a 3-hydroxycarbazole or for the incorporation of the more complex chromene heterocycle needed 
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distinguishable by mass, enabling rapid assessment by high-throughput experimentation (HTE). 

Notably, these two monomers had very similar formal oxidation potentials vs ferrocene (1.3 Eo = 

0.45 V, 1.4 Eo = 0.48 V). Further, N-methylated carbazoles were used to prevent undesired C–N 

coupling. The model monomers were synthesized with the help of Madeline Salwen, a former 

undergraduate in the Kozlowski group. 

An HTE screen using two different vanadium catalysts (V1, V2) at two different catalyst 

loadings (10 and 30 mol%) with 1.3 and 1.4 showed two major products arising from hetero-

coupling (1.5) and homo-coupling (1.6) of 1.3 (Figure 1.2). Conditions with lithium chloride and 

acetic acid additives were also included as our previous studies showed they activated the 

vanadium catalyst.13 In most cases, lithium chloride did not significantly affect the conversion or 

amount of product formed, when compared to analogous entries with no additive present. Acetic 

acid increased the consumption of starting materials, but often resulted in a substantial amount of 

over-oxidation products, such as trimers and other oligomers, resulting in a lower ratio of product 

to internal standard. Similarly, more over-oxidation products were observed with catalyst V2 than 

V1. The presence of a strong electron-withdrawing group renders the vanadium catalyst V2 a 

stronger oxidant, leading to more undesired over-oxidation products. Increasing the catalyst 

loading of V1 from 10 mol% to 30 mol% resulted in increased conversion of starting materials as 

well as the highest ratio of hetero-coupling product 1.5 to the internal standard. 
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Figure 1.2 Results of model system HTE screen 
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the alkaloid natural product glycoborinine. Therefore, we designed and optimized a synthetic route 

for the synthesis of glycoborinine. The initial route toward glycoborinine (Scheme 1.2) was 

formulated by Dr. Hanna Roenfanz23 , a former graduate student in the Kozlowski group, and was 

based on the synthesis of the analogous model monomer, in which the tricyclic carbazole 

framework is formed via a Cadogan cyclization. Chromene 1.7 is generated through formation of 

the propargyl ether, followed by a Claisen rearrangement. Subsequent triflation of 1.8, followed 

by a Suzuki coupling, provided 1.10 in good yield. Subjecting 1.10 to Cadogan cyclization 

conditions provided glycoborinine (1.11) in poor yield due to poor regioselectivity. Alternative 

approaches were screened but all suffered similar issues in yield and selectivity (see Table S 1.3, 

Supporting Information). 

 

Scheme 1.2 Initial synthetic approach to glycoborinine 
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diarylamine 1.14 in excellent yield. An intramolecular palladium(II)-catalyzed oxidative 

microwave cyclization of 1.14 gave carbazole 1.15.21,22 Demethylation of 1.15 gave 

hydroxycarbazole 1.16. Formation of chromene 1.17 was particularly challenging. Several routes 

were explored to form the chromene either earlier in the synthesis (prior to cyclization of the 

carbazole) or through a different late-stage functionalization (after the cyclization of the 

carbazole), but all resulted in poor yields with complicated mixtures of undesired byproducts. 

Ultimately, the chromene was synthesized using the method of Godfrey,24 which involves 

alkylation of hydroxycarbazole 1.16 followed by a thermal [3,3]-sigmatropic rearrangement of the 

resulting aryl ether to give 1.17. While undesired by-products were still observed, likely similar to 

those reported in the literature using the method of Godfrey on structurally similar carbazoles, 25–

27 these conditions afforded to highest amount of desired product 1.17. Removal of the silyl 

protecting group provided 1.11 in a 12% overall yield over 7 steps.  

 

Scheme 1.3 Synthetic route to glycoborinine 
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1.4 Oxidative Couplings for Clausenawallines A and E. 

When the optimal model hetero-coupling conditions were used with 1.11 and 1.18 to form 

clausenawalline E, a 21% yield was observed which was significantly lower than the 48% yield 

obtained with the unprotected model system. As both 1.11 and 1.18 incorporate one additional 

electron-donating oxygen in a distal position that should have little effect on the reactivity, this 

result was unexpected. The formation of a significant amount of homo-coupled product 1.2 

indicates that the chromene ring does render 1.11 significantly more reactive.   

As a result, an HTE screen was conducted with 1.11 and 1.18 with the goal of promoting 

hetero-coupling while suppressing homo-coupling. An excess of 1.11 was employed to increase 

hetero-coupling while two catalysts (V1 and V2), four solvents (CHCl3, CCl4, PhCl, and HFIP), 

and two additives (ACT, LiCl) were examined (Figure 1.3). Since prior work indicated that the 

reaction proceeds through a radical-radical pathway,13 radical inhibitor 4-acetamido-TEMPO 

(ACT) was added to slow the overall reaction and prevent over-oxidation (to trimers and 

tetramers), which contributed to lower yields.  HFIP was screened due to its ability to stabilize 

electron-deficient intermediates.28 Additionally, in our previous work, using HFIP as a solvent in 

a vanadium-catalyzed intramolecular phenol coupling improved yield and conversion by enabling 

the formation of an HFIP-coordinated V(V)-oxo catalyst.29 ACT in HFIP afforded the best ratio 

of hetero-coupled product 1.1 to the internal standard, as well as the best ratio of 1.1 to homo-

coupled product 1.2. 
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Figure 1.3 Results of clausenawalline E HTE screen 
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did increase with ACT and a control reaction with ACT but without the vanadium catalyst revealed 

slow formation of products (18% vs 50% at the same time point) favoring the heterodimer.  Thus, 

it appears that ACT acts in concert with the vanadium catalyst to cause selective formation of the 

heterodimer 1.1.  For the synthesis of clausenawalline E (1.1), the optimal conditions were 

determined to be 10 mol% V2 with 1 equiv ACT in HFIP at room temperature, providing the 

natural product in a 67% yield (Scheme 1.4). Treatment of glycoborinine with 10 mol% V2 in 

CHCl3 under oxygen at room temperature afforded clausenawalline A in 96% yield (Scheme 1.4). 

Three chiral catalysts (V1, V2, and V3) were screened, but none resulted in any significant 

enantiomeric excess in the product.  

 

Scheme 1.4 Optimized couplings for clausenawallines E and A 
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of such radical reagents in combination with other oxidative catalysts in phenol couplings are 

warranted.   

1.6 Supporting Information. 

General Considerations 

All reagents were obtained from commercial sources of the highest purity and used without 

further purification, unless otherwise noted. Oxygen and hydrogen tanks were sourced from 

Airgas. When necessary, solvents were dried and purified before use via a solvent purification 

system (CH2Cl2, toluene) or used from an AcroSealTM bottle (MeCN, DMF, PhCl). Reactions 

requiring heating were performed either in round-bottom flasks using a silicon oil bath or in 

Chemglass (4 mL or 8 mL or 20 mL) microwave reaction vials (borosilicate glass) with 20 mm 

aluminum seals and a PTFE septa (rated up to 20 bar) using a Chemglass OptiChem block heated 

with an IKA C-MAG HS7 heat/stir plate. 

High-throughput experiments were assembled under air. To an aluminum reaction block 

loaded with 1 mL glass vials (8 x 30 mm) was added solutions of reagents according to the screen 

design. Liquid solutions were dosed manually via the use of a multi-channel repeater pipette. 

Reactions were heated and stirred on a heating block a tumbler stirrer (V&P Scientific) using 1.98 

(d) x 4.80 (l) mm parylene-coated stir bars (V&P Scientific). Reaction vials were sealed in a 24-

well aluminum reaction block (Analytical Sales and Services) prior to heating/stirring. A 0.062 

mm thick rubber gasket was placed across the bottom of the plate while a PFA film (Analytical 

Sales and Services) was placed on top of the vials prior to sealing. The entire assembly was 

compressed between an aluminum top and the reactor base with nine evenly placed screws.  The 

mixtures were then analyzed using Agilent Chemstation on a Waters Acquity UPLC-SQ with a 
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sample manager holding up to 8 well plates, binary pumps, and PDA module and single quadrupole 

detector equipped with an ESI system. 

Microwave reactions were conducted using a Biotage Initiator+ (356700) microwave 

apparatus with continuous irradiation power from 0 to 400 W with utilization of the standard 

absorbance level of 300 W maximum power. Temperature was monitored using an IR-sensor. 

Reactions were carried out in sealed microwave vials at a required ceiling temperature using 

maximum power for the stipulated time. 

Analytical thin layer chromatography (TLC) was performed on EM Reagents (0.25 mm slica-

gel 254-F plates). Visualization was accomplished with UV light. For standard LCMS analysis, 

the following gradient was utilized: UPLC (Acquity SQD with ESI): Acquity UPLC HSS C18; 

1.7 µm; 2.1mm x 50mm; Column T = 40 °C; 500 µL/min. Gradient (3.50 min, 0.1% formic acid 

additive): 0.50 min at 5% MeCN:H2O; 2.00 min gradient to 95% MeCN:H2O; 0.50 min at 95% 

MeCN:H2O; 0.10 min gradient to 5% MeCN:H2O; 0.40 min at 5% MeCN:H2O. Detection: Waters 

UV (254 nm). 

Automated flash chromatography was performed using a Teledyne ISCO CombiFlash® (254 

nm & 280 nm UV detector) with RediSep Rf Gold® disposable silica columns (60 Å porosity, 20-

40 µm) or flash chromatography with forced flow of the indicated solvent system on Silica-P flash 

silica gel (50-63 µm mesh particle size). For normal-phase chromatography, n-hexanes: EtOAc 

mobile phase was used. Unless otherwise noted, yields refer to isolated material based on product 

purity (> 95%) determined by 1H-NMR spectroscopy following purification (trituration or column 

chromatography). 
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NMR spectra (1H, 13C{1H}) were recorded on a Fourier transform NMR spectrometer at 298 

K at 400 or 600 MHz (for 1H) and 101 or 151 MHz (for 13C{1H}). Chemical shifts are reported 

relative to the solvent resonance peak (CDCl3: δ = 7.26 ppm, DMSO-d6: δ = 2.50 ppm, acetone-

d6: δ = 2.05 ppm) for 1H-NMR spectra and (CDCl3: δ = 77.16 ppm, DMSO-d6: δ = 39.52 ppm, 

acetone-d6: δ = 29.84 ppm) for 13C{1H} spectra. NMR spectra multiplicities are reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br s = broad 

singlet, dd = doublet of doublets, did = doublet of doublet of doublets, dt = doublet of triplets, td 

= triplet of doublets, m = multiple), constant couplings (J, reported in Hz), and number of protons. 

13C{1H} spectra were fully proton decoupled. 

Accurate mass measurement analyses were conducted on either a Waters GCT Premier, time-

of-flight, GCMS with electron ionization (EI) or an LCT Premier XE, time-of-flight, LCMS with 

electrospray ionization (ESI). Samples were taken in a suitable solvent for analysis (typically 

MeCN). The signals were mass measured against an internal lock mass reference of 

perfluorotributylamine (PFTBA) for EI-GCMS, and leucine enkephalin for ESI-LCMS. The 

software calibrates the instruments, and reports measurements, by use of neutral atomic masses; 

the mass of the electron is not subtracted (positive ions) or added (negative ions). 
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Optimization of Clausenawalline E Model System 

Compounds 1.312, 1.414, 1.3’14, and 1.1821,22, 1.830, and 1.930 were synthesized as previously 

reported. Compound 1.4’ is commercially available. Catalysts V1, V2, and V3 were synthesized 

as previously reported.13 

[WARNING: Reactions with organic solvent under an atmosphere of pure dioxygen are 

dangerous due to the flammability of oxygen/organic solvent mixtures. Special care should 

be taken when charging reaction flasks with a positive pressure of dioxygen.] 

Procedure for High Throughput Experimentation (HTE) on Protected E Model System: 

Solutions of 1.3 (2.5 µmol, 25 µL, 0.10 M) and 1.4 (2.5 µmol, 25 µL, 0.10 M) in dry CHCl3 were 

dosed into the 24-well plate reactor vials. Solutions of catalyst (0.25 µmol, 2.5 µL, 0.10 M or 0.75 

µmol, 7.5 µL, 0.10 M) were plated according to the map for the screen. Solutions of LiCl (1.0 

µmol, 10 µL, 0.10 M) or HOAc (16 µmol, 0.90 µL) were added as determined by the screening 

map. Additional CHCl3 was added to bring the final volume in each well to 135 µL. The reaction 

plate was filled with oxygen three times using a desiccator fixed with a T-valve. The plate was 

sealed and stirred at 40 °C for 48 h. After cooling to ambient temperature, 135 µL of each solution 

was pipetted into a clean vial, and 100 µL of a 2.00 mM solution of 4,4’-di-tert-butyl-biphenyl in 

MeCN was added. To a separate 96-well LC block with 1 mL wells was added 280 µL of MeCN 

and then 75 µL of the diluted reaction mixtures. The mixture was then analyzed using Agilent 

Chemstation on a Waters Acquity UPLC-SQ with a sample manager holding up to 8 well plates, 

binary pumps, a photodiode array module, and a single quadrupole detector (ESI). 
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UPLC (Acquity SQ with ESI): Premier BEH C18, 2.4 µm; 50 mm x 2.1mm; Column T = 40 °C; 

0.75 mL/min. Gradient (4.00 min, 0.1% formic acid additive): 3.30 min gradient from 5% 

MeCN/H2O to 95% MeCN/H2O; 0.55 min at 99% MeCN/H2O; 0.05 min gradient to 5% 

MeCN/H2O; 0.10 min at 5% MeCN/H2O. Detection: UV-Vis (TWC 210-400 nm); MS (ESI+, m/z 

= 100 – 650, 30 V, 20 Hz). 

 

Table S 1.1 HTE screen of protected E Model 

 

Entry Catalyst Additive 1.3 1.4 1.5 1.6 
1 10% V1 none 1.60 2.47 3.89 1.05 
2 10% V1 LiCl 1.22 2.46 3.06 0.90 
3 10% V1 HOAc 0.06 0.08 1.70 0.39 
4 30% V1 none 0.23 0.14 4.61 2.09 
5 30% V1 LiCl 0.06 0.08 1.55 0.56 
6 30% V1 HOAc 0.00 0.05 1.03 0.50 
7 10% V2 none 0.10 0.20 2.36 0.61 
8 10% V2 LiCl 0.08 0.06 2.65 0.70 
9 10% V2 HOAc 0.00 0.03 0.18 0.94 
10 30% V2 none 0.00 0.02 1.71 2.27 
11 30% V2 LiCl 0.00 0.02 0.59 1.44 
12 30% V2 HOAc 0.00 0.03 0.36 0.76 

a Values are ratios of compound peak area to internal standard 
peak area 
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Time course on protected system: To a microwave vial containing 1.3 (15.5 mg, 73.4 µmol, 1.00 

equiv) and 1.4 (14.9 mg, 75.5 µmol, 1.03 equiv) was added CHCl3 (3.8 mL, 19 mM) and V1 (11 

mg, 25 µmol, 34 mol%). The vial was then sealed. Oxygen was added via active purge. The 

reaction mixture was heated to 40 °C using an aluminum heating block and stirred. Aliquots were 

taken at set time points and the relative amounts of materials were compared by their relative areas 

on UPLC. 

UPLC (Acquity SCD with ESI+): Acquity UPLC HSS C18; 1.7 µm; 2.1mm x 50mm; Column T 

= 40 °C; 500 µL/min. Gradient (3.50 min, 0.1% formic acid additive): 0.50 min at 50% 

MeCN/H2O; 2.00 min gradient to 95% MeCN/H2O; 0.50 min at 95% MeCN/H2O; 0.05 min 

gradient to 5% MeCN/H2O. Detection: Waters UV (254 nm). 

Table S 1.2 Time course on protected E Model 

 

time (h) 1.3 1.4 1.5 1.6 
0 30.9 66.8 1.7 0.4 
1 39.1 51.9 7.4 1.2 
2 36.4 49.9 11.3 1.8 
4 32.4 42.9 21.3 3.4 
8 28.6 33.7 32.3 5.2 
24 11.6 15.4 59.2 13.9 
32 6.9 2.1 71.7 19.0 
48 3.9 7.9 67.8 20.3 

Values reflect the relative peak areas of 1.3, 1.4, 1.5, 
and 1.6 

 

V1 (34 mol%)

CHCl3, (19 mM)
O2, 40 °C
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3,9,9'-Trimethyl-9H,9'H-[1,4'-bicarbazole]-2,3'-diol (1.5): To a microwave vial containing 1.3 

(42 mg, 0.20 mmol, 1.0 equiv) and 1.4 (39 mg, 0.20 mmol, 1.0 equiv) was added CHCl3 (10 mL, 

20 mM) and V1 (29 mg, 0.065 mmol, 33 mol%). The vial was then sealed. Oxygen was added via 

active purge. The reaction mixture was heated to 40 °C using an aluminum heating block and 

stirred for 48 h. The reaction vial was cooled to room temperature, and then concentrated. The 

residue was then chromatographed (5-20% EtOAc:n-hexanes) to afford the product as a brown 

amorphous solid (37 mg, 0.092 mmol) in 46% yield.  

1H-NMR  (600 MHz, Acetone-d6) δ 8.07 (d, J = 7.8 Hz, 1H), 8.04 (s, 1H), 7.68 (s, 1H), 7.57 (d, J 

= 8.7 Hz, 1H), 7.42 (d, J = 8.2 Hz, 1H), 7.30 – 7.23 (m, 2H), 7.29 (d, J = 8.7 Hz, 1H), 7.21 (d, J = 

8.1 Hz, 1H), 7.14 (d, J = 7.5 Hz, 1H), 6.78 (s, 1H), 6.68 (d, J = 8.1 Hz, 1H), 6.65 (t, J = 7.5 Hz, 

1H), 3.92 (s, 3H), 3.11 (s, 3H), 2.47 (s, 3H) 

13C{1H}-NMR (151 MHz, Acetone-d6) δ 153.3, 150.9, 142.6, 142.5, 139.7, 136.5, 126.2, 124.7, 

124.2, 123.9, 123.4, 122.2, 122.1, 119.5, 119.4, 119.0, 117.9, 117.3, 116.1, 113.6, 110.9, 109.3, 

109.1, 105.3, 29.9, 29.3, 17.3 

13C{1H}-NMR (151 MHz, CDCl3) δ 151.8, 148.7, 141.82, 141.77, 138.3, 136.0, 126.2, 124.5, 

123.1, 122.9, 122.7, 122.0, 121.6, 119.21, 119.18, 119.17, 117.4, 117.3, 114.5, 110.9, 110.6, 108.6, 

108.5, 100.5, 30.0, 29.4, 16.8. 

N
Me OH
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N
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IR (neat) 3510, 3050, 2925, 1730, 1600, 1482, 1467, 1453, 1436, 1422, 1409, 1372, 1343, 1253, 

1227, 1186, 1168, 1155, 1123, 1089, 1019, 1010, 898, 732, 703 cm-1 

HRMS (EI-TOF) m/z: [M]+ Calcd for C27H22N2O2 406.1681; Found 406.1684. 

UPLC tR = 1.88 min; 97% purity. 

UPLC (Acquity SCD with ESI): Acquity UPLC HSS C18; 1.7 µm; 2.1mm x 50mm; Column T = 

40 °C; 500 µL/min. Gradient (3.50 min, 0.1% formic acid additive): 0.50 min at 50% 

MeCN/H2O; 2.00 min gradient to 95% MeCN/H2O; 0.50 min at 95% MeCN/H2O; 0.05 min 

gradient to 5% MeCN/H2O. Detection: Waters UV (254 nm). 

 

3-Methyl-9H,9'H-[1,4'-bicarbazole]-2,3'-diol (1.5’): To a microwave vial containing 1.3’ (30 

mg, 0.15 mmol, 1.0 equiv) and 1.4’ (27 mg, 0.15 mmol, 1.0 equiv) was added CHCl3 (10 mL, 15 

mM) and V1 (23 mg, 0.058 mmol, 39 mol%). The vial was then sealed. Oxygen was added via 

active purge. The reaction mixture was heated to 40 °C using an aluminum heating block and 

stirred for 24 h. The reaction vial was cooled to room temperature, then concentrated. The residue 

was then chromatographed to afford the product as a brown amorphous solid (27 mg, 0.072 mmol) 

in 48% yield.  

1H-NMR (600 MHz, Acetone-d6) δ 10.17 (s, 1H), 9.42 (s, 1H), 8.03 (d, J = 7.8 Hz, 1H), 7.99 (s, 

1H), 7.51 (bs, 1H), 7.48 (d, J = 8.7 Hz, 1H), 7.40 (d, J = 8.1 Hz, 1H), 7.22 (d, J = 7.8 Hz, 1H), 

N
H OH
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N
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7.19 (d, J = 8.6 Hz, 1H), 7.18 – 7.14 (m, 2H), 7.09 (t, J = 8.0 Hz, 1H), 7.06 (bs, 1H), 6.73 (d, J = 

8.1 Hz, 1H), 6.61 (t, J = 7.6 Hz, 1H), 2.50 (s, 3H). 

13C{1H}-NMR (151 MHz, Acetone-d6) δ 152.7, 149.9, 141.7, 140.9, 140.0, 135.7, 125.9, 124.7, 

124.4, 123.9, 123.6, 122.3, 122.0, 119.7, 119.2, 118.8, 118.0, 116.7, 116.3, 112.7, 112.5, 111.4, 

111.2, 105.6, 17.4. 

HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C25H19N2O2 379.1447; Found 379.1443. 
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Cyclic Voltammetry  

A CHI 600E potentiostat was used as electrochemical workstation using an undivided cell. 

Cyclic voltammograms were recorded using a 3 mm diameter glassy carbon working electrode 

(CHI104), a platinum counter electrode (CHI102), and silver wire reference electrode. The glassy 

carbon working electrode was polished using a MicroCloth polishing pad with a slurry of 

MicroPolish alumina powder (CH Instruments, 0.05 µm). After polishing, the electrode was rinsed 

with water, acetone, then hexanes, and air dried before using. In a 10 mL glass vial, the electrodes 

were immersed in a ~ 0.12 M solution of (n-Bu)4N[PF6] in degassed acetonitrile with 0.001–0.002 

M substrate (7 mL). The applied voltage was corrected for IR compensation. The cyclic 

voltammagram was obtained from –0.2 to 1.5 V using a scan rate of 0.1 V/s and a sample interval 

of 0.001 V. The oxidation potential (E0) was found by determining the zero point of the second 

derivative of the anodic wave of the voltammogram. 
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Glycoborinine Synthesis 

 

4-(2,2-Dimethyl-6-nitro-2H-chromen-5-yl)-2-methylphenol (1.10): To a microwave vial 

containing K2CO3 (722 mg, 5.22 mmol, 3.97 equiv) and 1.9 (465 mg, 1.32 mmol, 1.00 equiv) was 

added Pd(PPh3)4 (152 mg, 0.131 mmol, 0.100 equiv). A solution of 2-methyl-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenol (367 mg, 1.60 mmol, 1.19 equiv) in THF (8.8 mL, 

0.15 M) was added, followed by H2O (4.4 mL, 0.3 M). The solution was sparged with Ar, sealed, 

and heated to 80 ºC using an aluminum heating block for 22 h. The reaction mixture was cooled 

to room temperature, diluted with EtOAc (5 mL), and quenched with H2O (5 mL). The aqueous 

portion was extracted with EtOAc (3 x 5 mL). The combined organic layers were dried over 

Na2SO4, concentrated, and chromatographed (10% EtOAc:n-hexanes) to afford 1.10 (271 mg, 

0.871 mmol) as an orange amorphous solid in 66% yield.  

1H-NMR  (600 MHz, Acetone-d6) δ 8.42 (s, 1H), 7.74 (d, J = 8.8 Hz, 1H), 6.94 (s, 1H), 6.92 –

6.87 (m, 2H), 6.85 (dd, J = 8.3, 2.2 Hz, 1H), 6.05 (d, J = 10.2 Hz, 1H), 5.80 (d, J = 10.2 Hz, 1H), 

2.23 (s, 3H), 1.47 (s, 6H). 
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(5-Bromo-2-methylphenoxy)triisopropylsilane (1.13): DBU (12.5 mL, 82.9 mmol, 3.06 equiv) 

and TIPSCl (12.5 mL, 58.6 mmol, 2.17 equiv) were added sequentially to a solution of 5-bromo-

2-methylphenol 1.12 (5.0616 g, 27.062 mmol, 1.00 equiv) in CH2Cl2 (250 mL, 0.1 M). The 

reaction mixture was stirred for 13 h at room temperature. The mixture was then transferred to a 

separation funnel using CH2Cl2 and washed with satd aq NH4Cl. The aqueous layer was extracted 

with CH2Cl2. The combined organic layers were dried with MgSO4 and the solvent was 

evaporated. Purification of the reaction mixture by flash chromatography (100% n-hexanes) gave 

1.13 (8.8747 g, 25.745 mmol) as a clear, colorless oil in 96% yield. 

1H-NMR (400 MHz, CDCl3) δ 7.00 – 6.94 (m, 2H), 6.92 – 6.89 (m, 1H), 2.18 (s, 3H), 1.35 – 1.26 

(m, 3H), 1.12 (d, J = 7.3 Hz, 18H).  

13C{1H}-NMR (151 MHz, CDCl3) δ 155.1, 131.8, 127.7, 123.6, 121.1, 118.9, 18.0, 16.7, 13.0. 

Spectral data were in agreement with those reported.31 

 

 

N-(4-Methoxyphenyl)-4-methyl-3-((triisopropylsilyl)oxy)aniline (1.14): To a three-necked 

round bottom flask equipped with a reflux condenser was added p-anisidine (321 mg, 2.61 mmol, 

1.31 equiv), Pd(OAc)2 (25.5 mg, 0.114 mmol, 0.0570 equiv), SPhos (88.7 mg, 0.216 mmol, 0.108 

equiv), and Cs2CO3 (930.2 mg, 2.855 mmol, 1.432 equiv) in toluene (20 mL, 0.1 M). The stirring 
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mixture was heated to 100 °C using an oil bath. To the reaction mixture, a solution of 1.13 (684.5 

mg, 1.993 mmol) in toluene (20 mL, 0.1 M) was added dropwise via syringe pump over a period 

of 3 h. The solution was stirred at 100 °C for an additional 13 h. Upon completion, the reaction 

mixture was cooled to room temperature and diluted with ethyl acetate which was then washed 

with water and brine several times. The aqueous layers were extracted with ethyl acetate. The 

combined organic layers were dried with Na2SO4 and the solvent was evaporated. The reaction 

mixture was purified by flash chromatography (5% EtOAc:n-hexanes) to provide 1.14 (723.8 mg, 

1.877 mmol) as a waxy yellow solid in 94% yield. 

1H-NMR (600 MHz, CDCl3) δ 7.05 (d, J = 7.6 Hz, 2H), 6.96 (d, J = 7.9 Hz, 1H), 6.83 (d, J = 8.8 

Hz, 2H), 6.51 – 6.42 (m, 2H), 3.79 (s, 3H), 2.16 (s, 3H), 1.29 – 1.23 (m, 3H), 1.09 (d, J = 7.9 Hz, 

18H). 

13C{1H}-NMR (151 MHz, CDCl3) δ 155.3, 155.0, 143.4, 136.3, 131.3, 121.6, 120.9, 114.7, 109.7, 

107.3, 55.7, 18.2, 16.4, 13.1. 

Spectral data were in agreement with those reported.32 

 

 

6-Methoxy-3-methyl-2-((triisopropylsilyl)oxy)-9H-carbazole (1.15): To a microwave vial 

containing diarylamine 1.14 (104.9 mg, 0.272 mmol), Cu(OAc)2 (125.4 mg, 0.690 mmol, 2.5 

equiv), and Pd(OAc)2 (6.6 mg, 0.029 mmol, 0.1 equiv) was added AcOH (1.3 mL, 0.2 M). The 

mixture was heated to 145 °C under air by microwave irradiation (300 W) for 2 h. Solvent was 
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removed under vacuum. The reaction mixture was purified via flash chromatography (0-5% 

EtOAc:n-hexanes) to provide 1.15 (59.9 mg, 0.156 mmol) as a white powder in 57% yield.  

1H-NMR (600 MHz, Acetone-d6) δ 7.81 (s, 1H), 7.53 (d, J = 2.4 Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H), 

6.97 (s, 1H), 6.91 (dd, J = 8.7, 2.5 Hz, 1H), 3.86 (s, 3H), 2.38 (s, 3H), 1.44 – 1.35 (m, 3H), 1.16 

(d, J = 7.5 Hz, 18H). 

13C{1H}-NMR (151 MHz, Acetone-d6) δ 154.7, 154.2, 141.5, 135.8, 124.6, 122.2, 120.6, 118.1, 

113.9, 111.9, 103.2, 100.8, 56.1, 18.5, 17.8, 13.8. 

HRMS (ESI-TOF) m/z: [M]+ Calcd for C23H33NO2Si 383.2281; Found 383.2283. 

 

 

6-Methyl-7-((triisopropylsilyl)oxy)-9H-carbazol-3-ol (1.16): A stirring solution of carbazole 

1.15 (58.9 mg, 0.154 mmol) in CH2Cl2 (0.8 mL, 0.2 M) was cooled to –78 °C using an acetone/dry 

ice bath. To the mixture, BBr3 (0.05 mL, 0.5 mmol, 3 equiv) was added slowly. The reaction 

mixture was allowed to warm to room temperature and was monitored for completion by TLC (1.5 

h). Upon completion, the reaction mixture was cooled in an ice bath to 0 °C and quenched with 

water. The aqueous layer was extracted with EtOAc. The combined organics were washed with 

water and brine, then dried with Na2SO4. Solvent was removed under vacuum. The reaction 

mixture was purified via flash chromatography (30% EtOAc:n-hexanes) to provide 1.16 (54.7 mg, 

0.148 mmol) as a yellow amorphous solid in 96% yield.  
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1H-NMR (600 MHz, Acetone-d6) δ 9.67 (s, 1H), 7.77 (s, 1H), 7.73 (s, 1H), 7.39 (d, J = 2.4 Hz, 

1H), 7.23 (d, J = 8.5 Hz, 1H), 6.95 (s, 1H), 6.84 (dd, J = 8.5, 2.4 Hz, 1H), 2.36 (s, 3H), 1.44 – 1.34 

(m, 3H), 1.21 – 1.11 (m, 18H). 

13C{1H}-NMR (151 MHz, Acetone-d6) δ 154.1, 151.6, 141.5, 135.3, 124.9, 122.1, 120.4, 118.0, 

114.0, 111.6, 105.3, 100.7, 18.5, 17.8, 13.8. 

HRMS (ESI-TOF) m/z: [M]+ Calcd for C22H31NO2Si 369.2124; Found 369.2127. 

 

 

3,3,10-Trimethyl-9-((triisopropylsilyl)oxy)-3,7-dihydropyrano[2,3-c]carbazole (1.17): DBU 

(0.30 mL, 2.0 mmol, 1.5 equiv) was added slowly to a stirred solution of hydroxycarbazole 1.16 

(498 mg, 1.35 mmol) and CuCl2·2H2O (1.0 mg, 0.0059 mmol, 0.004 equiv) in MeCN (15.5 mL, 

0.09 M) at 0 °C under Ar. A 1 M solution of 1,1-dimethylpropargyl methyl carbonate in MeCN 

(1.71 mL, 1.71 mmol, 1.3 equiv) was added dropwise at 0 °C. The reaction mixture was allowed 

to warm to room temperature and stirred for 46 h. The mixture was diluted with diethyl ether and 

washed with NH4Cl and brine. The aqueous layers were extracted with diethyl ether. The 

combined organic layers were dried with Na2SO4 and concentrated under vacuum. Without further 

purification, the product was transferred to a round bottom flask equipped with a reflux condenser. 

The system was vacuumed and backfilled with Ar three times, and then toluene (15.5 mL) was 

added. The stirring mixture was heated in an oil bath to 110 °C for 37 h under Ar. The reaction 
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mixture was cooled to room temperature and the solvent was evaporated. The reaction mixture 

was purified by flash chromatography (0-5% EtOAc:n-hexanes) to provide 1.17 (171.7 mg, 0.394 

mmol) in 29% yield as a brown amorphous solid.  

1H-NMR  (600 MHz, Acetone-d6) δ 9.83 (s, 1H), 7.94 (s, 1H), 7.31 (d, J = 9.7 Hz, 1H), 7.17 (d, J 

= 8.5 Hz, 1H), 6.98 (s, 1H), 6.75 (d, J = 9.1 Hz, 1H), 5.87 (d, J = 9.8 Hz, 1H), 2.39 (s, 3H), 1.43 

(s, 6H), 1.42 – 1.36 (m, 3H), 1.18 – 1.16 (m, 18H). 

13C{1H}-NMR (151 MHz, Acetone-d6) δ 153.9, 147.1, 141.9, 136.3, 131.8, 124.3, 121.1, 121.0, 

119.5, 117.9, 115.4, 114.5, 111.1, 100.7, 75.4, 27.5, 18.5, 17.8, 13.8. 

HRMS (ESI-TOF) m/z: [M]+ Calcd for C27H37NO2Si 435.2594; Found 435.2601. 

 

 

Glycoborinine (1.11): A 1 M solution of TBAF in THF (2.8 mL, 2.8 mmol, 1.5 equiv) was added 

at –10 °C to a solution of 1.17 (821.9 mg, 1.886 mmol) in DMF (9.5 mL, 0.2 M). The cooling bath 

(1:1 acetone:ice) was removed and the reaction mixture was stirred at room temperature for 10 

min. Water and diethyl ether were added and the mixture was washed with water several times and 

with a 5% LiCl solution twice. The aqueous layers were extracted with diethyl ether. The combined 

organic layers were dried (Na2SO4) and the solvent was evaporated. The reaction mixture was 

purified via flash chromatography (30-60% EtOAc:n-hexanes) to provide glycoborinine 1.11 

(410.5 mg, 1.886 mmol) as an off-white amorphous solid in 78% yield.  

Glycoborinine (1.11)
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1H-NMR (600 MHz, Acetone-d6) δ 9.76 (s, 1H), 8.23 (s, 1H), 7.87 (s, 1H), 7.30 (d, J = 9.8 Hz, 

1H), 7.13 (d, J = 8.4 Hz, 1H), 6.92 (s, 1H), 6.71 (d, J = 8.5 Hz, 1H), 5.86 (d, J = 9.7 Hz, 1H), 2.34 

(s, 3H), 1.43 (s, 6H) 

13C{1H}-NMR (151 MHz, Acetone-d6) δ 155.4, 147.1, 142.2, 136.1, 131.6, 124.3, 121.2, 119.8, 

117.6, 116.9, 115.2, 114.0, 111.0, 96.9, 75.4, 27.5, 16.8 

IR (neat) 3385, 2922, 2853, 1633, 1484, 1456, 1440, 1376, 1360, 1338, 1296, 1257, 1211, 1149, 

1116, 1074, 1019, 846, 803, 718 cm-1 

HRMS (EI-TOF) m/z: [M]+ Calcd for C18H17NO2 279.1259; Found 279.1266.  

UPLC tR = 1.30 min; 98% purity.  

UPLC (Acquity SCD with ESI): Acquity UPLC HSS C18; 1.7 µm; 2.1mm x 50mm; Column T = 

40 °C; 500 µL/min. Gradient (3.50 min, 0.1% formic acid additive): 0.50 min at 50% MeCN/H2O; 

2.00 min gradient to 95% MeCN/H2O; 0.50 min at 95% MeCN/H2O; 0.05 min gradient to 5% 

MeCN/H2O. Detection: Waters UV (254 nm). 
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Table S 1.3 Attempts to optimize Cadogan cyclization 

 

Entry conditions 1.10 (%) 1.11 (%) 1.11’ (%) 
1 PPh3 (2.5 equiv), DMA (0.2 M), 150 ºC, 24 h 69 7 8 
2 DPPE (1.1 equiv), 150 ºC, 5 h 28 8 10 
3 P(OEt)3 (0.08 M), 150 ºC, 17 h 0 11 15 
4 P(OEt)3 (0.08 M), MW, 150 ºC, 2 h 56 10 11 
5 P(OEt)3 (0.08 M), MW, 150 ºC, 5 h 21 17 19 
6 P(OEt)3 (0.08 M), MW, 180 ºC, 2 h 8 18 (7a) 23 
7 P(OEt)3 (0.08 M), MW, 210 ºC, 30 min 42 13 14 
8 P(OEt)3 (0.08 M), MW, 210 ºC, 2 h 25 11 11 

Yields determined by 1H-NMR spectroscopy with internal standard 
Conditions were chosen based on precedented methods for the formation of carbazoles.33 
a Isolated yield on a larger scale 
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Hetero-coupling Optimization 

Procedure for High Throughput Experimentation (HTE) for Clausenawalline E: Solutions 

of 1.11 (3.8 µmol, 75 µL, 0.050 M), 1.18 (2.5 µmol, 50 µL, 0.050 M), 4-acetamido-TEMPO (2.5 

µmol, 50 µL, 0.050 M), and LiCl (2.5 µmol, 50 µL, 0.050 M) in acetone were dosed into the 24-

well plate reactor vials according to a pre-determined map for the screen. The acetone was then 

evaporated. Solutions of catalyst (0.25 µmoL, 125 µL, 0.0050 M) were plated according to the 

pre-determine map for the screen. The reaction plate was filled with oxygen three times using a 

desiccator fixed with a T-valve. The plate was sealed and stirred at 40 °C for 18 h. After cooling 

to ambient temperature, 100 mL of a 2.00 mM solution of 4,4’-di-tert-butyl-biphenyl in MeCN 

was added. The solutions were stirred, and then solvent was evaporated using a Genevac. MeCN 

(225 µL) was added to each reaction vial. To a separate 96-well LC block with 1 mL wells was 

added 450 µL of MeCN and then 50 µL of the diluted reaction mixtures.  

UPLC (Acquity SQ): Premier BEH C18, 2.4 µm; 50 mm x 2.1mm; Column T = 40 °C; 0.75 

mL/min. Gradient: 0.50 min at 50% MeCN/H2O (0.1% FA); 2.80 min gradient to 99% MeCN/H2O 

(0.1% FA); 0.55 min at 99% MeCN/H2O (0.1% FA); 0.05 min gradient to 5% MeCN/H2O (0.1% 

FA); 0.10 min at 5% MeCN/H2O (0.1% FA). Detection: UV-Vis (TWC 210-400 nm); MS (ESI+, 

m/z = 100 – 650, 30 V, 20 Hz) 
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Table S 1.4 HTE Screen for clausenawalline E optimization 

 

Entry solvent additive catalyst 1.11 1.18 1.1 1.2 
1 CHCl3 none V1 15.58 17.03 15.89 29.29 
2 CHCl3 ACT V1 2.53 0.62 8.68 6.52 
3 CHCl3 LiCl V1 11.94 12.08 15.54 25.10 
4 CHCl3 none V2 0.00 0.00 5.04 26.33 
5 CHCl3 ACT V2 3.58 0.00 16.02 14.06 
6 CHCl3 LiCl V2 0.00 0.00 2.54 19.90 
7 CCl4 none V1 18.95 17.89 6.48 22.99 
8 CCl4 ACT V1 19.64 5.53 7.43 9.50 
9 CCl4 LiCl V1 18.04 16.12 6.98 20.51 
10 CCl4 none V2 4.12 4.81 3.72 20.20 
11 CCl4 ACT V2 21.85 7.26 6.00 8.27 
12 CCl4 LiCl V2 3.34 4.85 4.52 19.09 
13 PhCl none V1 13.24 12.76 9.65 23.74 
14 PhCl ACT V1 10.90 0.98 8.94 10.80 
15 PhCl LiCl V1 16.69 13.49 11.03 25.44 
16 PhCl none V2 2.04 0.00 2.04 26.77 
17 PhCl ACT V2 11.21 0.00 10.05 14.00 
18 PhCl LiCl V2 0.00 0.00 2.45 28.36 
19 HFIP none V1 0.00 0.00 2.81 6.15 
20 HFIP ACT V1 0.00 0.00 24.27 11.84 
21 HFIP LiCl V1 0.00 0.00 1.22 0.95 
22 HFIP none V2 0.00 0.00 1.70 3.32 
23 HFIP ACT V2 0.00 0.00 19.81 7.32 
24 HFIP LiCl V2 0.00 0.00 1.29 0.73 

a Values are ratios of compound peak area to internal standard peak area. 
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General procedure for clausenawalline E oxidative hetero-coupling optimizations: To a vial 

containing 1.11 and 1.18 (0.04 mmol) was added HFIP (0.02 M), catalyst, and additive. Oxygen 

was added via active purge. The reaction mixture was stirred at the indicated temperature for the 

indicated time, and the concentrated to remove solvent. A solution of 4,4’-di-tert-butyl-biphenyl 

in MeCN (0.020 M, 500 µL) was added and the resulting mixture was briefly stirred and then 

concentrated to remove solvent. The mixture was dissolved in acetone-d6 and yields were obtained 

by 1H-NMR.  
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Table S 1.5 Additional optimization screenings for clausenawalline E 

 

Entry equiv 1.11 V cat equiv ACT temp time (h) 1.11a 1.18a 1.1b 1.2b 
1 1.5 10% V2 0 rt 18 0% 0% 8% 22% 
2 1.5 10% V2 0.5 rt 18 0% 0% 32% 21% 
3 1.5 10% V2 1 rt 18 25% 0% 54% 12% 
4 1.5 10% V2 0 0 °C 18.5 30% 27% 8% 8% 
5 1.5 10% V2 1c 0 °C 15.5 1% 0% 26% 11% 
6 1.5 10% V2 1 0 °C 5 19% 4% 44% 9% 
7 1.5 10% V1 1 0 °C 5 29% 11% 41% 5% 
8 1.5 10% V1 2 0 °C 8.5 14% 4% 49% 11% 
9 1.5 5% V1 1 0 °C to rt 24 2% 0% 39% 10% 
10 1.5 10% V2 1 rt 4 2% 2% 50% 16% 
11 1.5 10% V1 1 0 °C 8.5 9% 3% 52% 12% 
12 1.2 10% V1 1 0 °C 6.5 5% 3% 38% 10% 
13 1.0 10% V1 1 0 °C 6.5 1% 1% 46% 8% 
14 1.0 10% V1 1 0 °C 4.5 12% 19% 40% 9% 
15 1.0 10% V1 2 0 °C 4.5 17% 11% 44% 7% 
16 1.0 10% V2 1 rt 1.25 5% 15% 50% 10% 
17 1.0 none 1 rt 1.25 63% 69% 18% 3% 

a Numbers represent percent remaining of starting material (1.11 or 1.18) 
b Numbers represent percent yield of product (1.1 or 1.2) 
c 1 equiv TEMPO used instead of ACT  
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Clausenawalline E (1.1): To a vial containing 1.11 (42.2 mg, 0.151 mmol) and 1.18 (34.3 mg, 

0.151 mmol) was added HFIP (7.5 mL), 4-acetamido-TEMPO (31.8 mg, 0.149 mmol), and V2 

(6.5 mg, 0.015 mmol). Oxygen was added via active purge. The reaction mixture was stirred at 

room temperature for 1.67 h, and then concentrated to remove solvent. The residue was then 

purified via flash chromatography (50% EtOAc:n-hexanes) to afford 1.1 (51.0 mg, 0.101 mmol) 

as a brown amorphous solid in 67% yield.  

1H-NMR (600 MHz, Acetone-d6) δ 9.93 (s, 1H), 9.19 (s, 1H), 8.08 (s, 1H), 7.43 (d, J = 9.8 Hz, 

1H), 7.38 (d, J = 8.6 Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 6.91 (s, 1H), 6.65 

(d, J = 8.5 Hz, 1H), 6.51 (s, 1H), 5.91 (d, J = 9.8 Hz, 1H), 3.80 (s, 3H), 2.49 (s, 3H), 1.83 (s, 3H), 

1.45 (s, 3H), 1.45 (s, 3H). 

13C{1H}-NMR (151 MHz, CDCl3) δ 157.7, 151.2, 147.9, 146.6, 140.4, 139.2, 134.9, 134.4, 131.4, 

124.7, 122.5, 122.4, 120.3, 119.4, 119.2, 117.6, 116.8, 115.1, 115.0, 114.1, 113.2, 112.3, 110.6, 

108.6, 101.7, 92.1, 75.3, 55.4, 27.4, 27.3, 17.0, 16.8. 

HRMS (ESI-TOF) m/z: [M + H]+ Calc for C32H29N2O4 505.2127; Found 505.2138.  

Spectral data are generally in agreement with those reported given difference in concentration.1 

The compound seems to degrade in CDCl3. 
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Clausenawalline A (1.2): To a vial containing 1.11 (84.0 mg, 0.301 mmol, 1 equiv) and V2 (13.0 

mg, 0.0301 mmol, 0.1 equiv) was added CHCl3 (15 mL). Oxygen was added via active purge. The 

reaction mixture was stirred at room temperature for 14 h, and then concentrated. The residue was 

then purified via flash chromatography (20% EtOAc:n-hexanes) to afford 1.2 (80.4 mg, 0.144 

mmol) as a brown amorphous solid in 96% yield.  

1H-NMR (600 MHz, Acetone-d6) δ 9.45 (s, 2H), 8.02 (s, 2H), 7.44 – 7.39 (m, 4H), 7.07 (d, J = 

8.4 Hz, 2H), 6.72 (d, J = 8.4 Hz, 2H), 5.93 (d, J = 9.8 Hz, 2H), 2.49 (s, 6H), 1.48 (s, 12H). 

13C{1H}-NMR (151 MHz, Acetone-d6) δ 153.3, 147.0, 141.4, 136.2, 131.8, 124.6, 121.1, 119.9, 

118.2, 116.8, 115.1, 114.1, 111.4, 102.1, 75.4, 27.5, 27.4, 17.5. 

Spectral data were in agreement with those reported.2 

Note: In general, purifying the vanadium catalyst (V1, V2, or V3) from crude reaction mixtures 

is often challenging due to co-elution during chromatographic separation. While this issue can 

often be resolved through careful selection of solvent system, multiple separations are sometimes 

required to obtain a pure product. 
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HRMS Spectral Data 
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NMR Spectral Data 
 

Figure S 1.1 1H-NMR (600 MHz, Acetone-d6) for 1.5 

 

 
 
Figure S 1.2 13C{1H}-NMR (151 MHz, CDCl3) for 1.5 
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Figure S 1.3 1H-NMR (600 MHz, Acetone-d6) for 1.5’ 

 

 

 
 
Figure S 1.4 13C{1H}-NMR (151 MHz, CDCl3) for 1.5’ 
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Figure S 1.5 1H-NMR (600 MHz, Acetone-d6) for 1.10 
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Figure S 1.6 1H-NMR (600 MHz, CDCl3) for 1.13 

 

 

 
Figure S 1.7 13C{1H}-NMR (151 MHz, CDCl3) for 1.13 
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Figure S 1.8 1H-NMR (600 MHz, CDCl3) for 1.14 

 

 

 

Figure S 1.9 13C{1H}-NMR (151 MHz, CDCl3) for 1.14 
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Figure S 1.10 1H-NMR (600 MHz, Acetone-d6) for 1.15 

 

 

 

Figure S 1.11 13C{1H}-NMR (151 MHz, Acetone-d6) for 1.15 
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Figure S 1.12 1H-NMR (600 MHz, Acetone-d6) for 1.16 

 

 

 

Figure S 1.13 13C{1H}-NMR (151 MHz, Acetone-d6) for 1.16 
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Figure S 1.14 1H-NMR (600 MHz, Acetone-d6) for 1.17 

 

 

 

Figure S 1.15 13C{1H}-NMR (151 MHz, Acetone-d6) for 1.17 
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Figure S 1.16 1H-NMR (600 MHz, Acetone-d6) for glycoborinine (1.11) 

 

 

 

Figure S 1.17 13C{1H}-NMR (151 MHz, Acetone-d6) for glycoborinine (1.11) 
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Figure S 1.18 1H-NMR (600 MHz, Acetone-d6) for clausenawalline A (1.2) 

 

 

 

Figure S 1.19 13C{1H}-NMR (151 MHz, Acetone-d6) for clausenawalline A (1.2) 

 

���� ������ ������ ������������������ ������ ������ ������ ������ ������ ������ ������ �����	 �����	 �����
�����
������ ������ ������ ������ ����
�
������������ ��

�� ����

�� ���� �� ���� �	

������ �� ���� �


������ �� ���� �


�� ���� �� ���� �


�� ���� �� ���� �


�� ���� �� ���� �


�� ���� �� ���� �


�� ���� �� ���� �


�� �� �� �������������
�� ���� ������ ���
����
�� ������������

���
����

���

���
���

��

���
���

��

���
���

��
���

���
��

���
��	�




���
���

��

���
��
�

�

���
����

�
���

���
���

��

���

����
���

��
���

���
���

��

���

����
���

��
���

���
���

��

���

����
���

��
���

���
���

��

���

����
���

��
���

���
���

��

���

����
���

��
���

����
	

���
��	�

�
���

��	�
����

��
�
�

���
��
�

�
�
�

���
��

�
�
���

�

�
�

����
�

�
�
����

�
�
�

����
�

���
���

��

�	�
����

�

�������������� ���� ���� ���� ���� ���	���
 ���� ������ ������������ ������ ������ ������ ������ �����	�����
 ������ ��
�����
�������� ��

���� ���� �� ���� ��

�� ����

�� ���� �� ���� ��

�� ���� �� ���� ��

�� ���� �� ���� ��

�
 ���� �� ���� ��

������ �� ���� �	

������ �� ���� �	

������ �� ���� �	

������ �� ���� �	

�����
 �� ���� �	

�� ���� �� ���� �	

�� ���� �� ���� �	

�� ���� �� ���� �	

�� ���� �� ���� �	
�� �� �� �������������	�� ���� ������ �� �����	��������

�� ������������

���
����

������
����

���
���

����
��	

���
����

��	

���
	�

����
���

���
����

����



���
���

���	
��

���
���

����
��

���
���

����
��

���
���

����
�	

���
��


���

��

���
���

����
�	

���
���

����
��

���
���

����
��

���
���

����
�


���
���

����
��

���
���

���

�


���
���

����
�	

-.'/01' 2! " $

N OH

Me

O

Me
Me

NHO

Me

O

Me
Me

H
H

�������� ������ ������ ������ ������ ������������������������������������ ������ ����
�	�
�����
�
�� ��

��

�
�� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

�� �� �� �� �� �� ��

���
���

��

���
���

��

���
���

��

���
����

�

���
���

��

N OH

Me

O

Me
Me

NHO

Me

O

Me
Me

H
H



52 

 

Figure S 1.20 1H-NMR (600 MHz, Acetone-d6) for clausenawalline E (1.1) 

 

 

 
Figure S 1.21 13C{1H}-NMR (151 MHz, CDCl3) for clausenawalline E (1.1) 
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CHAPTER 2: QUANTIFICATION OF H-BOND DONATING ABILITY OF 

BIOLOGICALLY RELEVANT COMPOUNDS 

Chapter 2.1, 2.2, and 2.4 are reprinted (adapted) from Berlin, C. B.; Sharma, E.; Kozlowski, M. 
C. Quantification of Hydrogen-Bond-Donating Ability of Biologically Relevant Compounds. J. 
Org. Chem. 2023, 89 (7), 4684–4690. Copyright 2024 American Chemical Society. Cameron B. 
Berlin was partially responsible for the experimental data collected and fully responsible for the 
data analysis as well as writing both the manuscript and supplementary information. 

Chapter 2.3 and 2.4 are reprinted (adapted) from Berlin, C. B.; Sidlow, E.; Zhang, C.; Kozlowski, 
M. C. Quantification of H–Bond Donating Ability of Trifluoromethyl Ketone Hydrates Using a 
Colorimetric Sensor. J. Org. Chem. 2025, 90 (21), 7120–7124. Copyright 2025 American 
Chemical Society. Cameron B. Berlin was partially responsible for the experimental data collected 
and fully responsible for the data analysis as well as writing both the manuscript and 
supplementary information. 

2.1 Background. 

Hydrogen-bonding is an important consideration during the drug discovery process. Solubility, 

permeability, bioavailability, and binding ability are all affected by hydrogen-bonding.34 Careful 

tuning of the hydrogen-bond-donating and -accepting groups of a drug can aid in achieving 

selective molecular recognition.35 For this reason, several approaches to measure hydrogen 

bonding-potential have been developed utilizing both theoretical calculations36–39 and 

experimental measurements.  Many of these experimental techniques40–44 (such as calorimetry and 

31P NMR spectroscopy) are difficult to use, expensive, or less accessible.  On the other hand, 

theoretical constructs do not account for solvation/desolvation, self-hydrogen bonding, etc. 

Our group developed an easily implemented method for experimentally quantifying hydrogen-

bond-donating strength of an analyte using a pyrazinone sensor and simple UV-Vis 

measurements.45,46 Complexation with a hydrogen-bond donor stabilizes the ground state of the 

sensor to a greater extent than the excited state, causing the bound sensor to have a larger HOMO–

LUMO gap compared to the unbound sensor (Figure 2.1). Due to the inverse relationship between 
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energy and wavelength, a hypsochromic (blue) shift is observed, which can be quantified through 

UV-Vis measurements. 

Through titration, binding constants can be obtained between the analyte and the sensor which 

are tabulated as lnKeq values, a measure of hydrogen-bond-donor strength with a larger lnKeq 

corresponding to a stronger hydrogen-bond donor. These values allow facile comparison of 

hydrogen-bonding strengths of different functional groups.  Importantly, this sensor is a suitable 

surrogate for many biological hydrogen-bonding acceptors (e.g. amides) and provides a superior 

readout relative to proton acidities (i.e. pKa values).  Performing titrations in dichloromethane 

limits confounding effects from other noncovalent interactions and amplifies hydrogen bonding. 

Although the sensor does aggregate electronic, steric, and self-hydrogen-bonding effects, it gives 

a readout that reflects interactions encountered in biological systems, such as hydrogen bonding 

to an amide carbonyl acceptor. Recently, we improved this technique using a plate reader to allow 

for rapid screening of many compounds.47 With this new high-throughput method in hand, we 

aimed to populate a database of hydrogen-bond donors. 
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Figure 2.1 Complexation of sensor (S) with hydrogen-bond donor 

 

2.2 Evaluation of Hydrogen-Bond-Donating Ability of Biologically Relevant Compounds. 

Using the high-throughput method, 79 new titrations of weak, biologically relevant hydrogen-

bond donors across a range of functional groups were undertaken, with the help of Eesha Sharma, 

a former visiting high school student in the Kozlowski group. Due to the importance of hydrogen 

bonding in medicinal chemistry, a focus was placed on privileged structures. The term “privileged 

structure” is used to describe structural templates that occur repeatedly in different drugs due to 

their ability to bind for multiple receptors.48,49 Compound choice was inspired by the top 200 small 

molecule drugs of 2022, FDA-approved veterinary drugs, and popular heterocycles.50,51 

Heterocycles included are pyrrolidine, pyridines, pyrimidines, lactams, oxobenzoxazoles, 

succinimides, maleimides, imidazolidines, pyrroles, indoles, carbazoles, imidazoles, 

pyrrolopyridines, pyrrolopyrimidines, pyrazoles, indazoles, pyridazinones, thiophenes, 

tetrahydrofurans, lactones, thiooxetanes, piperidines, furans, and benzofurans. 
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Compounds that were unstable, insoluble in dichloromethane, or highly colored in solution 

were not included (Figure S 2.1). Compounds that underwent very weak hydrogen bonding and 

did not exhibit a meaningful colorimetric shift at their solubility limit were also excluded (Figure 

S 2.2). To determine if there were medium effects on the value of lnKeq, titrations for several 

compounds were performed at two different concentrations of the sensor; the differences in lnKeq 

were negligible. The results for the titrated compounds are discussed below by compound class.  

N–H COMPOUNDS. N–H donors tend to be weaker than O–H donors due to the reduced 

electronegativity of nitrogen compared to oxygen. Figure 2.2 illustrates N–H donors where the 

nitrogen bearing the acidic hydrogen is not part of an aromatic heterocycle. Amines are known to 

be particularly weak donors.41 As result, many compounds titrated did not produce a meaningful 

wavelength shift (see Figure S 2.1, Supporting Information). Amine 2.1 and anilines 2.2 and 2.3 

are among the weakest compounds that were successfully titrated. Pyridinamines varied in strength 

depending on the position of the nitrogen and the presence of substituents. For example, 2.4 is 

relatively weak compared to 2.5, 2.6, and 2.7. Isomers 2.4 and 2.7 illustrate the potential to alter 

hydrogen-bonding ability based on the position of substitution. 
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Figure 2.2 N–H donors where the nitrogen bearing the acidic hydrogen is not part of an aromatic 
heterocycle 

 

Amides ranged from weak to moderate hydrogen-bond donors, depending on the structure and 

substituents. Lactam 2.8 is also relatively weak, likely due to dimer formation.52 The relatively 

low donor strengths of 2.9 and 2.10 may be due to competing hydrogen bonding with the fluorine 

substituent.53 Primary amides (2.13) and sulfonamides (2.16) are stronger binders compared to 

secondary amides (2.11) and sulfonamides (2.15) due to their ability to donate two hydrogens.  

Imides exhibited somewhat stronger hydrogen-bond-donating abilities compared to other N–

H donor groups due to the presence of a second electron-withdrawing carbonyl. Imide 2.22 which 

possesses two electron-withdrawing trifluoromethyl groups, is a particular strong imide hydrogen-

bond donor. 
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Figure 2.3 illustrates N–H donors where the nitrogen bearing the acidic hydrogen is part of an 

aromatic heterocycle. Such N-heterocycles are frequently used in pharmaceuticals.50 In general, 

the incorporation of additional nitrogens into the ring leads to an increase in donating strength 

(Figure 2.3). For example, pyrrole 2.25 is weaker than pyrazole (lnKeq = 2.58) and imidazole 

(lnKeq = 3.42).47 Pyrroles 2.23, 2.24, and 2.26 all possess electron-withdrawing groups at the 2-

position. While 2.26 is a stronger hydrogen-bond donor than unsubstituted pyrrole 2.25, acetyl-

derived 2.23 and formyl-derived 2.24 are slightly weaker, possibly due to competing inter- or 

intramolecular hydrogen bonding to the carbonyl oxygens. 

Figure 2.3 N–H donors where the nitrogen bearing the acidic hydrogen is part of an aromatic 
heterocycle 

 

6-Methoxyindole (2.27) is the weakest of the indoles titrated due to the electron-donating 

nature of the methoxy substituent. The increased strength of 5-bromoindole (2.28) can be attributed 

to the presence of the mildly electron-withdrawing bromo group. Ester-substituted indoles 2.30, 

2.31, and 2.32 vary in strength depending on the position of the ester group. Substitution at the 1-
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position (2.31) resulted in slightly weaker hydrogen bonding compared to 2-substituted 2.32, most 

likely because it is easier for the carbonyl to participate in intramolecular hydrogen bonding.   

Substitution at the 4-position (2.30) is likely weaker due to the greater distance between the 

withdrawing substituent and the hydrogen-bond donor. The increased strength of 2.33 compared 

to 2.32 is due to the presence of two additional nitrogens in the aromatic ring. 

Methyl-substituted imidazole 2.35 and isopropyl-substituted 2.36 are weaker than 

unsubstituted imidazole (lnKeq = 3.42)47 due to steric effects and a weak donor effect. Indazoles 

tended to be stronger donors than indoles due to the presence of an additional nitrogen in the ring, 

as seen in comparing 2.28 (lnKeq = 2.40) with 2.40 (lnKeq = 3.22). Indazole 2.39 (lnKeq = 2.66) is 

of comparable strength to pyrazole (lnKeq = 2.58).47 The trends seen by 2.40 (lnKeq = 3.22) and 

2.41 (lnKeq = 4.20) demonstrate that the addition and position of electron-withdrawing substituents 

can have a large effect on donor strength. 

O–H COMPOUNDS. Alcohols ranged in strength from weak to moderate hydrogen-bond 

donors, largely depending on the steric and electronic properties of the substituents (Figure 2.4). 

Entirely aliphatic alcohols such as compounds 2.44 and 2.45 are very weak hydrogen-bond donors 

(lnKeq = 0.86 and 0.94).   



60 

 

Figure 2.4 O–H-titrated compounds with lnKeq values 

 

Benzylic (2.43, 2.50) and propargylic (2.47) alcohols span a range of lnKeq = 0.54–1.93 and 

are typically stronger than aliphatic alcohols. The homobenzylic analog 2.48 (lnKeq = 1.43) is 

weaker than the benzyl alcohol 2.50 (lnKeq = 1.93) consistent with the greater distance to the 

inductively withdrawing phenyl ring. Bisallylic/bisbenzylic alcohols would be expected to be 

stronger hydrogen-bond donors than alcohols with only one allyl/benzyl, which is the case for 

bisallylic alcohol 2.53 (lnKeq = 2.73) but not for bisthiophenylmethanol 2.49 (lnKeq = 1.10); in the 

latter case, an intramolecular hydrogen bond with the ester attenuates the ability to engage in 

intermolecular hydrogen bonding. 
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Cyclic alcohols varied in strength based on substitution. For example, compound 2.47 is also 

propargylic. As such, resonance delocalization places greater positive charge on the proton, 

resulting in more effective hydrogen bonding (lnKeq = 1.29) relative to aliphatic alcohols.  

Similarly, homoconjugation in cyclic alcohol 2.48 affords a stronger hydrogen bond (lnKeq = 1.43).  

When heteroatoms are present within a saturated ring system, inductive effects result in greater 

hydrogen-bonding capacity as seen with 2.51, 2.52, and 2.55 (lnKeq = 2.06, 2.72, and 3.00) relative 

to 2.44 (lnKeq = 0.86).  The adjacent ester in 2.54 provides slightly greater hydrogen bonding (lnKeq 

= 2.98) than the analog lacking the carbonyl (2.52, lnKeq = 2.72); however, the difference is smaller 

than anticipated due to the potential for an intramolecular hydrogen bond in 2.54.  Four-membered 

rings with a heteroatom opposite the alcohol substitution are particularly effective hydrogen-bond 

donors as seen with thietanol 2.55 (lnKeq = 3.00).54  

Peroxide 2.56 is a stronger hydrogen-bond donor (lnKeq = 2.94) relative to the closest alcohol 

analog 2.50 (lnKeq = 1.93) due to the electron-withdrawing nature of the oxygen at the 2-position. 

Similarly, oximes 2.57, 2.58, and 2.59 (lnKeq = 2.00, 3.02, and 3.07) are also stronger hydrogen-

bond donors than aliphatic alcohols.  

Hydroxamic acid 2.60 (lnKeq = 4.02) is a moderate hydrogen-bond donor due to the even 

greater electron-withdrawing capacity of an amide vs an amine.  However, the hydroxamic acid is 

not as effective as the isosteric benzoic acid (lnKeq = 5.68).47 

Typically, hydroxyls on aromatic rings such are stronger hydrogen-bond donors due to 

resonance relative to aliphatic alcohols as seen with phenol 2.61 and naphthol 2.62 (lnKeq = 3.35 

and 4.71). Notably, 1-naphthol 2.62 is a weaker donor than 2-naphthol (lnKeq = 5.42), likely due 



62 

 

to steric effects from the flanking aromatic ring.47 On the other hand, hydroxythiophene 2.46 (lnKeq 

= 1.10) forms an intramolecular hydrogen bond with the ester, which attenuates its strength.   

Carboxylic acids are relatively strong hydrogen-bond donors. Vinylic acids (2.63 and 2.64) are 

generally weaker than the homobenzoic (2.65 and 2.66) acids and bracket the parent acetic acid 

(lnKeq = 4.44).47 Heteroaromatic acids are stronger as is ketoacid 2.71 due to the electron-

withdrawing nature these groups. Similarly, benzoic acids with electron-withdrawing groups (2.72 

and 2.73) can engage in strong hydrogen bonds.  

DRUG COMPOUNDS. Several of the compounds titrated are common small molecule 

drugs50,55 (Figure 2.5). The imide in bemegride (2.74), a respiratory stimulant, is a relatively weak 

hydrogen-bond donor within this structural class (Figure 2.2). The glutarimide core of 2.74 is 

prevalent in other pharmaceuticals such as lenalidomide and pomalidomide. Ibrutinib (2.75), a 

drug with antitumor activity, consists of a fused pyrimidine–pyrazole core.56 The heteroaniline in 

this structure forms hydrogen bonds at the low end of the range for such compounds (Figure 2.2).  

Celecoxib (2.76), an anti-inflammatory oral drug, has a comparable hydrogen-bonding strength to 

2.16 (Figure 2.2). Its benzenesulfonamide core is a privileged scaffold present in pharmaceuticals 

such as dabrafenib and cythioate. Tolbutamide (2.77) is an asymmetric sulfonylurea used to treat 

type 2 diabetes containing a moderately strong hydrogen-bonding moiety (Figure 2.7). Urea 

derivatives are commonly used in drug design because their hydrogen-bonding abilities can be 

tuned by adjusting substituents.57  

Flurbiprofen (2.78) is a derivative of ibuprofen (lnKeq = 4.43)47 where the acid exhibits stronger 

hydrogen bonding. The difference in structure between the two anti-inflammatory drugs impacts 

their interactions with enzymatic binding sites.58 Acetylsalicylic acid (2.79), commonly known as 
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aspirin, possesses a bonding strength similar to other benzoic acids (Figure 2.4). In aqueous 

solutions, intramolecular hydrogen bonding with the ortho-ester stabilizes a particular 

configuration.59 

Figure 2.5 Titrated pharmaceuticals 

 

Fragments of pharmaceuticals were also titrated to examine the donating ability of individual 

functional groups (Figure 2.6). Dabrafenib inspired measurement of pyrimidine 2.5 (lnKeq = 2.27, 

Figure 2.2). The sole hydrogen-bond donor in enzalutamide motivated the choice of benzamide 

2.10 (lnKeq = 1.32, Figure 2.2). Carbamate 2.17 (lnKeq = 2.04, Figure 2.2) was chosen due to its 

structural similarity to the carbamate in chlorphenesin carbamate. Ruxolitinib contains N-

heterocycle 2.33 (lnKeq = 3.51, Figure 2.3). Pyridazinone 2.42 (lnKeq = 3.27, Figure 2.3) was 

chosen to represent olaparib, a treatment for ovarian cancer. Phenol 2.61 (lnKeq = 3.35, Figure 

2.4) and aliphatic alcohol 2.47 (lnKeq = 1.29, Figure 2.4) are common in derivatives of estrogen, 
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such as ethinyl estradiol. These hydrogen-bond donors contribute to the ability of ethinyl estradiol 

to form a variety of solvates in different solvents.60 Tiotropium bromide contains alcohol 2.49 

(lnKeq = 1.74, Figure 2.4). 

Figure 2.6 Examples of pharmaceuticals containing titrated fragments 

 

In summary, 79 biologically relevant compounds were titrated to determine their hydrogen-

bond-donating ability. Figure 2.7 depicts a summary of the functional groups discussed in this 
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matched to current drug molecules to highlight the utility of this method in drug design. These 

measurements contribute to a database of hydrogen-bond donors (see Table S 2.80, Supporting 

Information), which will allow for easy comparisons of donating strengths.  In addition, the ease 

of this measurement allows any practitioner with access to a UV-Vis instrument to rapidly assess 

different systems and substructures. 

Figure 2.7 Relative hydrogen-bonding capacity of different functional groups 
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2.3 Quantification of H–Bond Donating Ability of Trifluoromethyl Ketone Hydrates. 

Fluorinated compounds are prevalent in drug design and medicinal chemistry. The 

incorporation of fluorine into molecules affects their physicochemical properties (lipophilicity61,62, 

metabolic stability62–64, molecular conformation65, binding affinity66,67). Trifluoromethyl ketones 

(TFMKs) contain an electron deficient carbonyl carbon because of the electron-withdrawing 

trifluoromethyl group. As a consequence, TFMKs in solution exist in equilibrium with their 

hydrate and/or hemiketal forms. The position of this equilibrium is affected by the nature of the 

other substituent of the carbonyl. Electron-withdrawing groups further favor the hydrate form in 

equilibria. 68 

In aqueous solution, TFMKs exist predominantly as the hydrate. If other nucleophiles such as 

alcohols are present, TFMKs can competitively form the adducts such as hemiketals. 69  TFMKs 

are potent inhibitors for hydrolytic enzymes (Figure 2.8), including cysteine 70,71 and serine 

proteases.72–74 A stable hemiketal/protease adduct is formed through addition of nucleophilic 

residues within enzyme active sites to the carbonyl carbon of the TFMK.75,76  TFMK hydrates can 

also act as inhibitors for aspartic and zinc metallo-proteases 77–80 by mimicking the tetrahedral 

structure of hydrolysis intermediates.75 

Figure 2.8 Examples of TFMK enzyme inhibitors 
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Due to the importance of hydrogen-bonding in drug design, our group has developed a method 

for experimentally quantifying relative hydrogen-bond donor strength using a colorimetric 

sensor.45,46 Through UV-Vis titrations of an analyte with the sensor, a binding constant (lnKeq) is 

obtained, with a larger lnKeq value corresponding to a stronger hydrogen-bond donor. Recently, 

we applied our high-throughput method to titrate biologically relevant compounds.47,81 TFMKs 

presented themselves as interesting analytes because only the hydrated forms are capable of acting 

as hydrogen-bond donors. As result, the sensor can only complex with the hydrates (Scheme 2.1). 

We envisioned that the sensor could simultaneously provide experimental data for both the 

hydration equilibrium and the intrinsic hydrogen-bond-donating capacity of the hydrate. The 

amount of hydrate present in the titration solutions could be further quantified by 19F-NMR and 

used to find the amount of hydrate present in solution. This equivalence could then be used to 

calculate an adjusted lnKeq value, which corrects for the amount of water present in solution and 

is representative of the binding equilibrium between the hydrate and the sensor. 

 

Scheme 2.1 Equilibria between ketone, hydrate, and complexed species 

The hydration equilibrium values are solvent-dependent with the hydrated form heavily 

favored in aqueous solution.82 However, performing the titrations in water are biased by 

competitive binding of the large excess of water to the sensor. Thus, measurements were 
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abilities of the compounds discussed are relative to one another and are representative of the 

solvent in which the measurements were undertaken. 

We investigated aryl TFMKs because the presence of the electron-donating aryl ring provides 

stability and decreases susceptibility to undesired side reactions, such as substitution. The titrations 

of aryl TFMKs was done with the assistance of two former visiting high school students, Emily 

Sidlow and Chris Zhang. Figure 2.9 shows the aryl TFMKs studied, along with their 

corresponding lnKeq values. The relative amount of ketone and hydrate present in solution were 

quantified through 19F-NMR with non-deuterated dichloromethane as the solvent. The lnKeq values 

in black are the direct readings (unadjusted) and those in blue are adjusted lnKeq values based on 

the percent hydrate present in solution (see Equation S2.4, Supplementary Information). 

Unadjusted lnKeq values aggregate both the hydration equilibrium and the hydrogen-bonding 

equilibrium to provide insight into how the ketone/hydrate mixture behaves in solution. Adjusted 

lnKeq values provide insight into the hydrogen-bond-donating ability of the hydrate form.  
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Figure 2.9 Summary of lnKeq values (those in parentheses are adjusted for the amount of water 
present) of aryl trifluoromethyl ketones 

 

The equilibrium between ketone and hydrate is dependent upon the electronic nature of the 
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intramolecular hydrogen-bond via a 6-membered ring. Overall, the adjusted lnKeq is lower than 

that of the parent 2.80b which may occur because one of the two geminal hydroxyls is unavailable 

for intermolecular hydrogen bonding with the sensor. 

With similar s values, meta-aryl chloride 2.80f and meta-aryl bromide 2.80d have similar 

adjusted lnKeq values (5.65 vs 5.52). The remaining four aryl TFMKs (2.80g, 2.80h, and 2.80i) 

follow the trend of increasing lnKeq with increasing s value. The percent hydrate of disubstituted 

trifluoromethyl 2.80i is slightly lower than monosubstituted 2.80g, but both the unadjusted and 

adjusted lnKeq values are higher for 2.80i. This result further illustrates that the hydration 

equilibrium alone does not fully capture the hydrogen-bond-donating ability of the TFMK. 

The r value between Hammett parameters and the adjusted lnKeq values of the hydrate is 

moderate (r = 1.39) (Figure 2.10), less than that observed with lnKeq values of phenols (r = 

2.68).47 Phenols can stabilize their conjugate base forms through resonance, which is analogous to 

complexation with the sensor. The conjugate bases of the hydrates are not stabilized through 

resonance, resulting in a lower sensitivity. 



71 

 

Figure 2.10 Correlation between adjusted lnKeq values and Hammett s values for aryl 
trifluoromethyl ketones. 

 

The unadjusted lnKeq for 2.80e is higher than would be expected based on Hammett parameter 
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benzoic acids, for which the lnKeq values range from 2.92 to 7.28 (unsubstituted benzoic acid lnKeq 

= 5.68).47   

Heterocycles 2.81 and 2.82 were also titrated (Figure 2.11). Pyridine 2.81 has a larger 

unadjusted lnKeq value and percent hydrate, but a smaller adjusted lnKeq compared to thiophene 

2.82.  This discrepancy could be due to the presence of intramolecular hydrogen bonding between 

the pyridine nitrogen and a hydrate hydrogen. Nitrogen is more electronegative than sulfur and, as 

result, tends to be a stronger hydrogen-bond acceptor. Additionally, picolinic acid is known to 

exhibit a similar hydrogen-bonding interaction. 84 

-0.5 0.0 0.5 1.0

4.5

5.0

5.5

6.0

6.5

7.0

!  parameter

ad
ju

st
ed

 ln
K

eq

y = 1.39x + 5.18
R2 = 0.86

b

c
d

e

f
g

h

i

a



72 

 

Trifluorobutanone (2.83) and its brominated analogs (2.84, 2.85) were also titrated (Figure 

2.11). Both the unadjusted and adjusted lnKeq values increase as the electron-withdrawing nature 

of the carbonyl substituent increases. Analog 2.85 has the lowest lnKeq value, as well as the lowest 

percent hydrate, in the series. Replacing the methyl group with a bromide led to an increase in 

lnKeq as well as a significant increase in percent hydrate. The higher percent hydrate for 2.83 

compared to 2.84 could be due to the additional steric hindrance from the bromo group making 

hydration less favorable. However, compound 2.84 still has a higher adjusted lnKeq value, which 

implies that the sensor is not significantly inhibited from complexing with the hydrate form of 

2.84. 

Figure 2.11 Summary of lnKeq values of heterocyclic and alkyl TFMKs. 

 

In this section, we report experimentally measured hydrogen-bond-donating strength of aryl, 
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utility of the sensor in assessing hydrogen-bond-donating strengths even of species in equilibria 

with forms that do not hydrogen-bond. 

2.4 Supporting Information. 

General Considerations: HPLC-grade dichloromethane was used for all titrations. The sensor 

and all compounds used were purchased from commercial vendors without additional purification. 

[Warning: Dichloromethane is a known irritant and suspected carcinogen. Care should be 

taken when handling CH2Cl2. Wear proper protective equipment, such as gloves, eye/face 

protection, and protective clothing. Use only in well-ventilated areas and avoid inhaling mists 

and vapors.] 

General Titration Protocols: A stock solution of sensor S was prepared in CH2Cl2. A separate 

analyte stock solution was also prepared in CH2Cl2. To rows A and B of a glass coated, flat bottom 

96-well plate, 200 µL of analyte stock solution was added. To rows C-H, 100 µL CH2Cl2 was 

added. Serial dilutions were then performed down the plate. From row B, 100 µL of solution was 

drawn up and then dispensed into row C. This process was repeated down the plate. Finally, from 

row H, 100 µL of solution was drawn up and discarded. Rows B-H were then diluted with 100 µL 

CH2Cl2. Sensor stock solution (20 µL) was then added to each well. A blank column containing 

CH2Cl2 was used for background subtraction. UV spectra were obtained at room temperature using 

a Tecan Infinite M1000Pro plate reader from 450 nm – 550 nm, with a 1 nm step size. After 

background subtraction, absorbance data for each well was fit to a parabolic curve to obtain lmax. 

The lmax values for each well were plotted against the ratio of equivalents of analyte to equivalents 

of sensor, and then fit to a nonlinear regression curve to obtain the number of equivalents at the 

midpoint of the titration (M).  
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lmax = wavelength of maximum absorbance for any given well.  

lintial = wavelength of maximum absorbance for sensor alone.   

lsaturated = wavelength of maximum absorbance when sensor completely saturated with analyte.   

19F-NMR Spectroscopy: A 19F-NMR spectrum was taken of a solution of ketone in CH2Cl2. 

The ketone and hydrate peaks were integrated to determine the percentage of hydrate present in 

each mixture. 

Error analysis: Calibrated multichannel pipettes were used to dispense stock solutions and 

perform the serial dilutions. Pre-aspiration was performed to ensure reproducibility. K and lnK are 

calculated directly from the equivalents used and the concentration of sensor stock (Equation 

S2.2).  lmax was found by fitting a parabolic curve; the R2 varied between measurements, but was 

generally > 0.95. Similarly, Keq was found by fitting a lmax vs equiv via nonlinear regression with 

R2 generally > 0.90. If significant deviation was observed at any point, the titration was conducted 

again. For titrations where duplicate or quadruplicate measurements were conducted, the average 

standard deviation for lnKeq was + 0.1 (range = 0.005 to 0.42).  

For compounds 2.80a, 2.80c, and 2.80d, 19F-NMR spectra of the stock solutions were obtained 

using different NMR parameters; the resulting calculated percentage of hydrate were similar, and 

the corresponding adjusted lnKeq values calculated from the two different sets of values (see table 

below) were also similar (differences < 0.1). 
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 Default Parameters Optimized Parameters 
Number of Scans 16 32 
Relaxation Delay 2 25 
Acquisition Time 0.8782 2.5297 

Spectral Width 74626.9 25906.7 
 

Compound Parameters % hydrate adjusted lnKeq 

2.80a Default 0.33 5.02 
Optimized 0.30 5.12 

2.80c Default 0.84 5.83 
Optimized 0.86 5.80 

2.80d Default 1.45 5.65 
Optimized 1.41 5.68 

 

Equation Derivations 

Equation S2.1:     ! !"# " ! $%$&$"'# $! ("&)*"&+, # ! $%$&$"'%
#

- . #
    

&/0/1/23 = 498.6 nm (wavelength of sensor in CH2Cl2) 

x = equivalents of analyte at any point in the titration 

M = equivalents of analyte at the midpoint 

Equation S2.2:  ' "
4

5#6 789:
( )* +        

Equation S2.3:  ' +; "
4

5- 6 789:
( )* +        

Equation S2.4:  ' +; , -./012 "
4

5<- =>=?@6 789:
( )* +      

h = percent hydrate (as determined by 19F-NMR spectroscopy) 
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Titration Data 

Table S 2.1 Pyrrolidine (2.1). [S] = 25 µM 

Equiv lmax (nm) 
66500 495.8 
33200 496.2 
16600 497.0 
8310 497.4 
4150 497.9 
2080 498.0 

 

Table S 2.2 3-Methoxydiphenylamine (2.2). 
[S] = 50 µM 

Equiv lmax (nm) 
23600 496.8 
17700 497.0 
4260 497.6 
2550 497.8 
1530 498.4 
920 498.6 

 

Table S 2.3 3,5-Bis(trifluoromethyl)aniline (2.3). [S] = 50 µM 

Equiv lmax (nm) 
45500 488.4 
22700 490.6 
11400 492.1 
5680 493.5 
2840 495.7 
1420 496.4 
710 497.6 
355 498.1 
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Table S 2.4 4-Amino-2-chloropyridine (2.4). 
[S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
15600 495.3 495.1 
7810 496.3 496.2 
3900 497.0 496.6 
1950 497.5 497.4 
976 498.5 497.8 

 

 

Table S 2.5 2-Aminopyrimidine (2.5). [S] = 12.5 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
16800 496.9 496.8 
8410 497.1 497.5 
4200 497.5 497.8 
2100 498.2 498.1 
1050 498.6 498.1 

 

 

Table S 2.6 2-Amino-6-picoline (2.6). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
24400 497.0 497.0 
12200 497.3 497.4 
6100 497.4 497.4 
3050 497.8 497.7 
1530 497.9 498.2 
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Table S 2.7 2-Amino-3-chloropyridine (2.7). [S] 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
10200 495.6 495.7 
5080 495.9 496.3 
2540 496.4 496.6 
1270 497.4 497.5 
635 497.4 497.7 

 

 

Table S 2.8 delta-Valerolactam (2.8). [S] = 50 µM 

Equiv lmax (nm) 
42900 496.3 
17100 496.8 
10300 497.1 
6170 497.2 
3700 497.8 

 

 

Table S 2.9 2-Fluoro-n-methylbenzamide (2.9). [S] = 25 µM 

Equiv lmax (nm) 
60700 496.0 
30400 496.4 
15200 497.0 
7590 497.8 
3800 497.7 
1900 497.9 
949 497.7 
475 498.7 
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Table S 2.10 2’-Fluoroacetanilide (2.10). [S] = 25 µM 

Equiv lmax (nm) 
51500 491.8 
25700 493.9 
12900 494.8 
6440 496.0 
3220 496.3 
1610 497.3 
804 497.6 
402 497.9 

 

Table S 2.11 N-methyltrifluoroacetamide (2.11). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
56900 484.2 484.7 
28400 487.8 487.5 
14200 489.1 488.6 
7110 490.9 491.1 
3550 492.3 493.3 
1780 494.5 494.6 
889 496.0 496.0 

 

Table S 2.12 Acetanilide (2.12). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
9880 493.8 493.6 
4940 494.2 494.6 
2470 495.5 495.6 
1240 496.8 496.5 
618 497.4 497.3 
309 497.5 498.2 
154 497.7 497.7 
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Table S 2.13 2,2,2-Trifluoroacetamide (2.13). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
7500 488.8 489.5 
3750 491.3 491.8 
1880 493.9 493.7 
938 495.3 495.2 
469 496.8 496.6 
235 497.4 497.0 
117 498.1 497.4 

 

Table S 2.14 N-Phenylacrylamide (2.14). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
8770 492.5 492.5 
4390 493.4 493.9 
2190 494.6 494.6 
1100 495.8 495.6 
548 496.6 496.1 
274 496.6 496.7 
137 497.4 497.7 
69 498.1 498.1 

 

Table S 2.15 N-Methyl-p-toluenesulfonamide (2.15). [S] = 50 µM 

Equiv lmax (nm) 
27000 491.1 
13500 492.6 
6740 493.9 
3370 495.3 
1690 496.2 
843 497.1 
421 497.2 
211 497.7 
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Table S 2.16 p-Toluenesulfonamide (2.16). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
2150 495.1 494.9 
1070 495.8 495.8 
536 496.4 496.5 
268 497.3 497.2 
134 497.5 497.5 
67 498.2 498.2 
34 498.3 498.3 

 

 

Table S 2.17 Methylcarbamate (2.17). [S] = 50 µM 

Equiv lmax (nm) 
11500 493.6 
5750 494.6 
2880 495.8 
1440 496.6 
719 497.1 
360 497.6 
180 497.9 

 

Table S 2.18 3-(Aminomethyl)-1-N-Boc-aniline (2.18). [S] = 25 µM 
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Table S 2.19 2-Benzoxazolinone (2.19). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
9120 487.4 487.4 
4560 487.9 487.7 
2280 490.5 489.9 
1140 491.5 491.5 
570 492.7 492.7 
285 494.7 494.5 
143 496.9 496.8 
71 497.5 497.1 

 

 

Table S 2.20 Maleimide (2.20). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
1660 492.1 491.5 
829 493.0 493.0 
414 494.4 494.5 
207 497.1 496.6 
104 497.1 497.4 

 

 

Table S 2.21 1-Methylhydantoin (2.21). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
3130 494.5 494.6 
1570 495.5 495.9 
784 496.7 496.7 
392 497.4 497.4 
196 497.6 497.6 
98 497.7 497.7 
49 498.3 498.3 
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Table S 2.22 2,2,2-Trifluoro-N-(trifluoroacetyl)acetamide (2.22). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
2780 472.8 472.1 
1390 472.3 471.9 
694 473.1 473.6 
347 476.5 477.2 
174 481.5 480.9 
87 485.2 486.3 
43 490.3 490.0 

 

 

Table S 2.23 2-Acetylpyrrole (2.23). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
20000 494.9 495.1 
9980 495.9 495.9 
4990 496.7 497.1 
2500 497.9 497.7 
1250 498.3 498.8 

 

 

Table S 2.24 Pyrrole-2-carboxaldehyde (2.24). [S] = 50 µM 

Equiv lmax (nm) 
9940 491.7 
7460 492.5 
2980 494.1 
1790 495.6 
1070 496.1 
644 496.9 
387 497.6 
232 498.0 
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Table S 2.25 1H-Pyrrole (2.25). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
6570 494.1 493.5 
3280 495.2 494.8 
1640 495.8 496.2 
821 496.9 497.1 
410 497.7 497.5 
205 497.8 498.0 
103 498.4 498.2 

 

 

Table S 2.26 Pyrrole-2-carbonitrile (2.26). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
3920 486.1 486.1 
1960 488.0 488.4 
981 490.7 490.5 
490 492.4 492.3 
245 493.9 494.0 
123 495.2 495.5 
61 496.9 496.6 
31 497.7 497.5 

 

 

Table S 2.27 6-Methoxyindole (2.27). [S] = 25 
µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
4840 495.1 495.4 
2420 495.9 496.4 
1210 497.4 497.2 
605 498.2 497.7 
303 498.3 498.2 
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Table S 2.28 5-Bromo-1H-indole (2.28). [S] = 50 µM 

Equiv lmax (nm) 
4540 491.4 
1140 494.8 
568 496.3 
284 497.2 
142 497.7 
71 497.9 
35 498.2 

 

 

Table S 2.29 7-Azaindole (2.29). [S] = 50 µM 

Equiv lmax (nm) 
7270 495.2 
1820 496.8 
908 497.0 
454 497.7 
227 497.9 

 

 

Table S 2.30 Methyl indole-4-carboxylate (2.30). 
[S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
5650 491.9 492.3 
2820 493.7 493.9 
1410 495.8 495.7 
706 497.1 497.5 
353 498.0 497.7 
176 498.0 497.9 
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Table S 2.31 Ethyl indole-2-carboxylate (2.31). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
5440 493.9 494.4 
2720 495.1 495.4 
1360 496.2 496.5 
680 497.0 497.0 

 

 

Table S 2.32 Methyl indole-3-carboxylate (2.32). 
[S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
2430 490.1 491.7 
1210 493.4 493.4 
606 494.8 495.1 
303 497.4 497.0 
152 497.7 497.6 
76 498.0 497.9 
38 498.2 498.7 
19 498.5 498.4 

 

 

 Table S 2.33 7H-Pyrrolo[2,3-d]pyrimidine (2.33). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
6950 495.6 494.5 
3480 495.5 495.3 
1740 496.3 496.7 
869 496.7 496.8 
435 497.6 497.7 
217 497.8 497.5 
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Table S 2.34 1-Bromocarbazole (2.34). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
5600 496.5 495.9 
2800 496.6 496.8 
1400 496.7 497.4 
350 498.0 498.0 
175 498.2 498.2 
88 498.5 498.2 

 

 

Table S 2.35 2-Methylimidazole (2.35). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
8030 492.1 491.8 
4020 493.3 493.4 
2010 494.8 494.9 
502 496.9 497.0 
251 497.0 497.3 
126 498.4 498.0 
63 498.3 498.4 

 

 

Table S 2.36 2-Isopropylimidazole (2.36). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
4840 492.8 492.3 
2420 493.7 493.7 
1210 495.2 495.5 
605 497.3 497.4 
303 497.7 497.8 
151 497.8 498.3 
76 497.9 498.1 
38 498.6 498.5 
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Table S 2.37 2-Phenylimidazole (2.37). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
2540 490.7 490.7 
1270 492.0 492.1 
636 495.0 494.9 
318 495.8 495.8 
159 496.7 496.4 
80 497.8 497.2 

 

 

Table S 2.38 4-Bromo-3,5-dimethyl-1H-pyrazole (2.38). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
16800 491.5 491.9 
8370 492.9 493.1 
4190 494.1 493.7 
2090 495.2 495.1 
1050 496.1 495.5 
523 498.0 496.8 
262 497.4 497.2 
131 498.2 498.2 

 

 

Table S 2.39 Indazole (2.39). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
1820 494.9 494.9 
908 496.2 496.2 
454 497.0 497.1 
227 497.8 497.6 
114 498.1 497.9 
57 498.2 498.2 
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Table S 2.40 5-Bromo-1H-indazole (2.40). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
2040 490.9 491.1 
1020 493.0 493.5 
509 494.7 494.9 
255 496.3 496.2 
127 496.9 496.8 
64 497.2 497.5 
32 497.7 497.7 
16 498.0 498.1 

 

 

Table S 2.41 6-Bromo-1H-indazole (2.41). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
1840 495.3 495.3 
922 495.7 495.7 
461 496.8 496.4 
230 497.5 497.5 
115 498.1 497.6 

 

 

Table S 2.42 6-Chloro-3(2H)-pyridazinone (2.42). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
4070 493.7 493.3 
2030 494.7 494.7 
1020 495.8 496.3 
508 496.8 496.4 
254 498.0 497.4 
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Table S 2.43 (+)-1,2,3,4-Tetrahydro-1-naphtholidine (2.43). [S] = 50 µM 

Equiv lmax (nm) 
34500 491.7 
17300 493.3 
8640 494.5 
4320 496.8 
2160 496.7 
1080 497.5 
540 498.1 
270 498.2 

 

Table S 2.44 Cyclopentanol (2.44). [S] = 50 µM 

Equiv lmax (nm) 
45000 489.9 
22500 491.6 
11300 493.2 
5630 494.7 
2810 495.8 
1410 497.2 
703 497.3 
352 497.9 

 

Table S 2.45 Cyclopropylmethanol (2.45). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
39400 489.3 489.5 
19700 491.5 491.4 
9850 492.9 493.0 
4920 494.7 494.7 
2460 495.9 495.8 
1230 496.7 496.8 
615 497.3 497.4 
308 498.0 497.9 
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Table S 2.46 Methyl 3-hydroxythiophene-2-carboxylate (2.46). [S] = 50 µM 

Equiv lmax (nm) 
13000 492.3 
6480 494.3 
3240 495.7 
1620 496.9 
810 497.4 
405 497.7 
203 498.4 

 

Table S 2.47 1-Ethynylcyclopentanol (2.47). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
41200 489.4 489.5 
20600 490.8 490.7 
10300 492.3 492.4 
5150 494.0 493.9 
2580 495.2 495.2 
1290 496.1 496.6 
644 497.4 497.3 
322 498.3 498.0 

 

Table S 2.48 2-Hydroxyindan (2.48). [S] = 25 µM 

Equiv lmax (nm) 
55200 489.7 
27600 491.6 
13800 493.0 
6900 494.7 
3450 495.8 
1730 496.5 
863 497.3 
432 497.8 
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Table S 2.49 Methyl 2,2-dithienylglycolate (2.49). [S] = 50 µM 

Equiv lmax (nm) 
7410 494.8 
3700 496.0 
1850 497.0 
926 497.5 
463 497.5 
232 498.2 
116 498.1 
58 498.3 

 

 

Table S 2.50 Benzyl alcohol (2.50). [S] = 25 µM 

Equiv lmax (nm) 
26800 491.4 
10700 493.3 
6430 493.5 
3860 494.6 
2310 495.7 
1390 496.7 
833 497.4 

 

 

Table S 2.51 1-Boc-3-hydroxypyrrolidine (2.51). 
[S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
21800 491.4 492.1 
10900 492.9 492.6 
5460 494.6 494.4 
2730 496.2 495.6 
1370 496.6 496.4 
683 497.3 497.5 
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Table S 2.52 (S)-(+)-3-Hydroxytetrahydrofuran (2.52). [S] = 50 µM 

Equiv lmax (nm) 
9430 492.1 
4720 492.8 
2360 494.1 
1180 495.4 
589 496.4 
295 496.9 
147 497.4 

 

Table S 2.53 1,4-Pentadien-3-ol (2.53). [S] = 50 µM 

Equiv lmax (nm) 
10600 489.4 
5310 491.3 
2650 492.5 
1330 494.1 
664 494.9 
332 496.4 
166 497.3 
83 497.7 

 

Table S 2.54 (R)-(-)-Pantolactone (2.54). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
5850 489.2  
2930 491.0 491.1 
1460 492.5 493.0 
732 494.1 494.4 
366 495.7 495.7 
183 496.6 496.5 
92 497.5 498.1 
46 498.0 498.7 
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Table S 2.55 Thietan-3-ol (2.55). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
13400 486.3 486.2 
6680 490.0  
2230 491.6  
1110 493.1  
557 495.5  
278 496.9  
139 497.7  
70 498.3  

 

Table S 2.56 Cumene hydroperoxide (2.56). [S] = 25 µM 

Equiv lmax (nm) 
21900 490.0 
10900 491.6 
5470 491.6 
2740 493.5 
1370 494.2 
684 496.1 
342 496.6 
171 497.5 

 

Table S 2.57 Ethyl acetohydroxamate (2.57). [S] = 25 µM 

Equiv lmax (nm) 
14700 493.4 
9810 493.9 
2450 496.7 
1230 497.1 
613 497.6 
307 498.1 
153 498.4 
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Table S 2.58 Cyclohexane oxime (2.58). [S] = 50 µM 

Equiv lmax (nm) 
7720 494.1 
3860 494.9 
1930 495.4 
965 496.2 
483 496.9 
241 497.6 

 

 

Table S 2.59 Acetophenone oxime (2.59). [S] = 25 µM 

Equiv lmax (nm) 
47200 488.0 
23600 488.5 
11800 489.5 
5900 491.0 
2950 492.5 
1480 493.9 
737 494.9 
369 496.4 

 

Table S 2.60 N-Benzoyl-N-Phenylhydroxylamine (2.60). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
1110  491.9 
554 494.5 494.3 
277 495.6 495.7 
139 496.7 496.3 
69 497.7 497.7 
35 498.5 498.0 
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Table S 2.61 5,6,7,8-Tetrahydro-2-naphthol (2.61). [S] = 25 µM 

Equiv lmax (nm) 
6400 486.0 
4260 487.3 
1070 492.4 
533 494.6 
267 495.8 
133 496.7 
67 497.8 

 

 

Table S 2.62 1-Naphthol (2.62). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
4240 483.7 484.3 
2120 486.4 486.2 
1060 487.7 487.4 
530 490.2 489.8 
265 491.9 492.6 
132 494.1 494.4 
66 495.6 495.5 
33 497.4 497.2 

 

Table S 2.63 1-Boc-piperidin-4-ylideneacetic acid (2.63). [S] = 50 µM 

Equiv lmax (nm) 
4330 486.3 
2160 488.1 
1080 490.6 
541 491.1 
271 492.9 
135 494.1 
68 495.8 
34 497.0 
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Table S 2.64 trans-Cinnamic acid (2.64). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
5550 484.6 484.8 
2770 485.1 486.6 
1390 486.6 487.7 
693 489.3 489.3 
347 490.5 491.0 
173 492.2 492.5 
87 493.9 494.3 
43 495.9 495.3 

 

Table S 2.65 Phenyl acetic acid (2.65). [S] = 50 µM 

Equiv lmax (nm) 
21700 480.7 
10900 482.2 
5430 483.3 
2710 484.1 
1360 485.0 
679 487.2 
339 488.3 
170 490.2 

 

Table S 2.66 2-Naphthaleneacetic acid (2.66). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
1630 484.6 484.5 
815 485.7 486.0 
408 487.7 487.4 
204 489.8 489.6 
102 491.2 491.2 
51 493.3 492.9 
26 495.0 494.7 
13 496.3 496.1 
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Table S 2.67 3-Furoic acid (2.67). [S] = 50 µM 

Equiv lmax (nm) 
1650 485.5 
990 485.7 
594 487.0 
356 488.4 
214 489.5 

 

 

Table S 2.68 3-Oxocyclobutanecarboxylic acid (2.68). [S] = 50 µM 

Equiv lmax (nm) 
5990 478.5 
3000 480.1 
1500 481.5 
749 482.6 
375 484.2 
187 486.1 
94 488.2 

 

 

Table S 2.69 3-Methylbenzofuran-2-carboxylic acid (2.69). [S] = 25 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
1760 483.5 482.8 
877 484.8 484.6 
439 486.3 486.5 
219 488.7 488.6 
110 489.6 490.0 
55 492.4 492.8 
27 494.5 494.9 
14 496.0 496.7 
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Table S 2.70 4-Bromo-2-thiophenecarboxylic acid (2.70). [S] = 50 µM 

Equiv lmax (nm) (1) lmax (nm) (2) 
2630 479.3 479.2 
1320 480.4 480.2 
659 481.1 481.3 
329 482.5 482.5 
165 484.1 484.1 
82 485.7 486.4 
41 488.1 488.8 
21 490.6 490.9 

 

Table S 2.71 Phenylglyoxylic acid (2.71). [S] = 50 µM  

Equiv lmax (nm) (1) lmax (nm) (2) 
819 476.7 475.6 
409 476.7 476.6 
205 477.6 477.8 
102 479.8 479.7 
51 482.5 482.4 
26 486.4 487.2 
13 490.8 491.1 
6 493.5 494.0 

 

Table S 2.72 2-Fluoro-6-methoxybenzoic acid (2.72). [S] = 50 µM  

Equiv lmax (nm) (1) lmax (nm) (2) 
6400 478.9 479.0 
3200 480.3 480.3 
1600 481.3 481.7 
800 482.5 483.0 
400 483.8 484.1 
200 486.2 486.7 
100 489.3 489.0 
50 492.1 492.0 
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Table S 2.73 2,3,4,5-Tetrafluorobenzoic acid (2.73). [S] = 50 µM  

Equiv lmax (nm) 
741 476.3 
371 478.7 
185 479.9 
93 481.7 
46 484.3 

 

 

Table S 2.74 3-Ethyl-3-methylglutarimide (2.74). 
[S] = 50 µM  

Equiv lmax (nm) 
19600 495.3 
9810 496.3 
4900 496.8 
2450 497.3 
1230 497.4 
613 497.9 
306 498.2 

 

 

Table S 2.75 Ibutrinib (2.75). [S] = 25 µM  

Equiv lmax (nm) 
11000 496.2 
5510 496.9 
1380 497.5 
688 498.7 
344 498.7 
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Table S 2.76 Celecoxib (2.76). [S] = 50 µM  

Equiv lmax (nm) (1) lmax (nm) (2) 
1610 490.9 490.9 
806 492.9 492.9 
403 494.7 494.7 
201 496.3 496.3 
101 497.0 497.1 
50 497.6 497.6 
25 497.8 497.9 
13 498.3 498.1 

 

 

Table S 2.77 Tolbutamide (2.77). [S] = 50 µM  

Equiv lmax (nm) (1) lmax (nm) (2) 
2800 481.5 481.0 
1400 483.6 483.6 
701 486.0 486.2 
351 488.0 487.9 
175 490.7 490.7 
88 493.4 493.4 
44 494.8 494.7 

 

Table S 2.78 Flurbiprofen (2.78). [S] = 25 µM  

Equiv lmax (nm) (1) lmax (nm) (2) 
5240 483.3 483.5 
2620 484.7 484.1 
1310 485.7 485.6 
655 487.6 487.8 
328 489.6 489.4 
164 491.2 491.2 
82 492.8 492.8 
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Table S 2.79 Acetylsalicylic acid (2.79). [S] = 50 µM  

Equiv lmax (nm) (1) lmax (nm) (2) 
1630 484.0 483.8 
814 485.5 485.5 
407 487.3 487.1 
203 489.1 489.2 
102 490.8 491.1 
51 493.0 492.9 
25 494.6 494.7 
13 496.1 496.1 

 

 

Figure S 2.1 Compounds for which titrations were attempted, but no meaningful colorimetric 
shift was observed at their solubility limit. 
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Figure S 2.2 Compounds that were not soluble in CH2Cl2 and could not be titrated 
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Figure S 2.3 Compounds for which titrations could not be performed due to their strong 
absorbances in the UV-Vis window employed (colorants may arise from impurities in the 
compounds) 
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Table S 2.80 Data for Figure 2.7 

Category ID Name lnKeq 
amine 2.1 Pyrrolidine 0.96 

aniline 

2.2 3-Methoxydiphenylamine 0.93 
2.3 3,5-Bis(trifluoromethyl)aniline 0.93 
2.4 4-Amino-2-chloropyridine 1.70 
2.5 2-Aminopyrimidine 2.27 
2.6 2-Amino-6-picoline 2.40 
2.7 2-Amino-3-chloropyridine 3.04 
2.75 Ibutrinib 1.77 

amide 

2.8 delta-Valerolactam 1.07 
2.9 2-Fluoro-n-methylbenzamide 1.20 
2.10 2'-Fluoroacetanilide 1.32 
2.11 N-Methyltrifluoroacetamide 1.98 
2.12 Acetanilide 2.32 
2.13 2,2,2-Trifluoroacetamide 2.64 
2.14 N-Phenylacrylamide 3.66 
S2.1 N-Methylacetamide 2.15a 
S2.2 Acetamide 2.41a 

sulfonamide 

2.15 N-Methyl-p-toluenesulfonamide 1.49 
2.16 p-Toluenesulfonamide 3.58 
2.76 Celecoxib 3.34 
S2.3 Benzylsulfonamide 3.19a 
S2.4 N-Methanesulfonyl-3-phenylpropylamine 2.28a 

carbamate 

2.17 Methylcarbamate 2.04 
2.18 3-(Aminomethyl)-1-N-Boc-aniline 2.45 
2.19 2-Benzoxazolinone 4.10 
S2.5 Oxazolidin-2-one 3.59a 
S2.6 3-Phenethyl-1,2,4-oxadiazol-5(4H)-one 6.30a 
S2.7 5,5-Dimethyloxazolidine-2,4-dione 3.07a 

imide 

2.20 Maleimide 3.43 
2.21 1-Methylhydantoin 3.44 

2.22 2,2,2-Trifluoro-N-
(trifluoroacetyl)acetamide 5.99 

2.74 Bemegride 1.68 
S2.8 Succinimide 3.27a 

urea 
2.77 Tolbutamide 4.51 
S2.9 N,N-Dimethylurea 3.20a 



106 

 

S2.10 1-(3,5-Bis(trifluoromethyl)phenyl)-3-
phenylurea 6.88a 

S2.11 1-(3,5-Bis(trifluoromethyl)phenyl)-3-(3-
(trifluoromethyl)phenyl)urea 7.84a 

S2.12 1,3-Bis(3,5-bis(trifluoromethyl)phenyl)urea 8.10a 
S2.13 Mattson difluoroborate urea 10.20b 

pyrrole 

2.23 2-Acetylpyrrole 1.84 
2.24 Pyrrole-2-carboxaldehyde 1.91 
2.25 1H-Pyrrole 2.09 
2.26 Pyrrole-2-carbonitrile 3.66 

indole 

2.27 6-Methoxyindole 2.12 
2.28 5-Bromo-1H-indole 2.40 
2.29 7-Azaindole 2.50 
2.30 Methyl indole-4-carboxylate 2.71 
2.31 Ethyl indole-2-carboxylate 2.92 
2.32 Methyl indole-3-carboxylate 3.22 
2.33 7H-Pyrrolo[2,3-d]pyrimidine 3.51 

carbazole 2.34 1-Bromocarbazole 3.18 

imidazole 

2.35 2-Methylimidazole 2.96 
2.36 2-Isopropylimidazole 3.21 
2.37 2-Phenylimidazole 3.75 

S2.14 Imidazole 3.42a 

pyrazole 

2.38 4-Bromo-3,5-dimethyl-1H-pyrazole 2.42 
2.39 Indazole 2.66 
2.40 5-Bromo-1H-indazole 3.22 
2.41 6-Bromo-1H-indazole 4.20 

S2.15 Pyrazole 2.58a 
pyridazinone 2.42 6-Chloro-3(2H)-pyridazinone 3.27 

alcohol 

2.43 (+)-1,2,3,4-Tetrahydro-1-naphthol 0.54 
2.44 Cyclopentanol 0.86 
2.45 Cyclopropylmethanol 0.94 
2.46 Methyl 3-hydroxythiophene-2-carboxylate 1.01 
2.47 1-Ethynylcyclopentanol 1.29 
2.48 2-Hydroxyindan 1.43 
2.49 Methyl 2,2-dithienylglycolate 1.74 
2.50 Benzyl alcohol 1.93 
2.51 1-Boc-3-hydroxypyrrolidine 2.06 
2.52 (S)-(+)-3-Hydroxytetrahydrofuran 2.72 
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2.53 1,4-Pentadien-3-ol 2.73 
2.54 (R)-(-)-Pantolactone 2.98 
2.55 Thietan-3-ol 3.00 
2.56 Cumene hydroperoxide 2.94 

S2.16 Water 0.94b 
S2.17 2-Methyl-4-phenylbutan-2-ol 1.91a 
S2.18 3-Phenylpropan-1-ol 2.07a 
S2.19 (R,R)-TADDOL 2.60b 
S2.20 Hexafluoroisopropanol 5.77a 

oxime 
2.57 Ethyl acetohydroxamate 2.00 
2.58 Cyclohexane oxime 3.02 
2.59 Acetophenone oxime 3.07 

hydroxamic acid 
2.60 N-Benzoyl-N-Phenylhydroxylamine 4.02 

S2.21 3-Phenylpropionohydroxamic acid 3.20a 
S2.22 N-hydroxy-N-phenyldodecanamide 3.48a 

phenol 

2.61 5,6,7,8-Tetrahydro-2-naphthol 3.35 
2.62 1-Napthol 4.71 

S2.23 2-(Benzylthio)phenol 1.87a 
S2.24 2,3,6-Trimethylphenol 2.51a 
S2.25 2,3,5-Trimethylphenol 3.43a 
S2.26 4-tert-Butylphenol 3.67b 
S2.27 4-Benzyl-2,6-difluorophenol 3.72a 
S2.28 2,6-Diphenylphenol 3.91a 
S2.29 2-tert-butyl-4-methylphenol 4.00a 
S2.30 2,6-Difluorophenol 4.02a 
S2.31 4-Methoxyphenol 4.08a 
S2.32 2-Methylphenol 4.10a 
S2.33 Phenol 4.15a 
S2.34 4-Methylphenol 4.19a 
S2.35 3,5-Dimethylphenol 4.19a 
S2.36 4-Bromophenol 4.64b 
S2.37 3-Methoxy-5-methylphenol 4.68a 
S2.38 2-Fluorophenol 4.70a 
S2.39 2-Trifluoromethoxyphenol 5.07a 
S2.40 2-Chloro-3-trifluoromethylphenol 5.19a 
S2.41 4-Trifluoromethylphenol 5.70a 
S2.42 Methyl 4-hydroxybenzoate 5.90a 
S2.43 2,3,4,5,6-Pentafluorophenol 6.23b 
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[a] Titrations previously published45 

[b] Titrations previously published47 

 

 

S2.44 4-Nitrophenol 6.35b 
S2.45 2-Trifluoromethylphenol 6.53a 
S2.46 4-(Pentafluorothio)phenol 6.64a 
S2.47 (R)-BINOL 5.38b 
S2.48 2-Naphthol 5.42a 
S2.49 6-Bromo-2-naphthol 5.67a 

carboxylic acid 

2.63 1-Boc-piperidin-4-ylideneacetic acid 4.24 
2.64 trans-Cinnamic acid 4.51 
2.65 Phenyl acetic acid 4.55 
2.66 2-Naphthaleneacetic acid 4.84 
2.67 3-Furoic acid 5.07 
2.68 3-Oxocyclobutanecarboxylic acid 5.37 
2.69 3-Methylbenzofuran-2-carboxylic acid 6.09 
2.70 4-Bromo-2-thiophenecarboxylic acid 6.17 
2.71 Phenylglyoxylic acid 6.72 
2.78 Flurbiprofen 4.93 

S2.50 2-Methoxybenzoic Acid 2.92a 
S2.51 Naproxen 4.08a 
S2.52 Benzyloxyacetic Acid 4.16a 
S2.53 Ibuprofen 4.43a 
S2.54 Acetic Acid 4.44a 
S2.55 4-Methoxybenzoic acid 5.05a 
S2.56 Methoxyacetic Acid 5.27a 
S2.57 Benzoic Acid 5.68b 
S2.58 Trifluoroacetic Acid 8.65b 

benzoic acid 

2.72 2-Fluoro-6-methoxybenzoic acid 5.26 
2.73 2,3,4,5-Tetrafluorobenzoic acid 6.61 
2.79 Acetylsalicylic acid 5.44 

S2.59 2-Methylbenzoic acid 5.25b 
S2.60 2-Iodobenzoic Acid 5.93a 
S2.61 2-Chlorobenzoic Acid 6.27b 
S2.62 Spiroligozyme 6.28b 
S2.63 3,5-Dinitrobenzoic acid 6.89b 
S2.64 2-Nitrobenzoic acid 6.95b 
S2.65 2,3,4,5,6-Pentafluorobenzoic acid 7.28b 
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Trifluoromethyl ketone hydrate titrations 

Table S 2.81 2,2,2-trifluoro-1-(p-tolyl)ethan-1-one (2.80a). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) lmax (nm) (3) lmax (nm) (4) 
49292 162 488.0 488.1 488.2 488.2 
24646 81 491.1 491.0 491.3 490.8 
12323 41 494.2 494.4 493.9 494.4 
6162 20 496.2 496.4 496.1 495.7 
3081 10 497.3 498.2 496.8 497.3 
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Adjusted lnKeq = 5.02
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Table S 2.82 2,2,2-Trifluoro-1-phenylethanone (2.80b). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) lmax (nm) (3) lmax (nm) (4) 
100499 440 481.5 481.2 482.3 – 
50250 220 484.4 484.1 483.5 483.8 
25125 110 488.1 488.4 488.3 488.0 
12562 55 492.1 491.8 491.7 491.2 
6281 28 493.7 494.9 494.8 494.8 
3141 14 496.5 497.0 496.8 496.9 
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Table S 2.83 1-(4-Chlorophenyl)-2,2,2-trifluoroethanone (2.80c) 

Equiv Equivhydrate lmax (nm) 
44374 373 481.4 
22187 186 484.1 
11093 93 486.4 
5547 47 489.5 
2773 23 492.8 
1387 12 495.8 
693 6 497.4 
347 3 498.0 
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Table S 2.84 1-(3-Bromophenyl)-2,2,2-trifluoroethanone (2.80d). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
27088 392 480.9 480.9 
13544 196 484.0 483.8 
6772 98 486.2 486.9 
3386 49 490.2 490.2 
1693 25 493.1 492.6 
846 12 495.3 496.1 
423 6 497.2 497.4 
212 3 498.3 497.6 
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Table S 2.85 2,2,2-Trifluoro-1-(2-methoxyphenyl)ethanone (2.80e) Titration 1. [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
23470 1021 476.0 477.3 
11735 511 480.8 480.2 
5867 255 484.6 484.1 
2934 128 489.4 489.7 
1467 64 493.2 492.6 
733 32 496.8 497.0 
367 16 497.3 498.3 

 

Table S 2.86 2,2,2-Trifluoro-1-(2-methoxyphenyl)ethanone (2.80e) Titration 2. [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
20253 779 477.2 – 
15018 578 477.3 477.4 
10126 389 479.8 479.6 
7509 289 482.7 480.8 
5063 195 484.5 485.3 
3754 144 488.0 488.1 
2532 97 490.1 491.4 
1877 72 493.4 493.3 
1266 49 493.7 494.6 
939 36 495.5 495.8 
633 24 496.9 496.7 
469 18 497.7 497.2 
316 12 498.0 498.3 
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(4.10% hydrate by 19F-NMR)
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Table S 2.87 1-(3-Chlorophenyl)-2,2,2-trifluoroethanone (2.80f). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
13826 443 480.9 480.7 
10369 332 481.4 481.6 
6913 221 483.7 483.7 
5185 166 484.4 484.5 
3456 111 486.3 486.5 
2592 83 487.5 487.3 
1728 55 489.4 489.5 
1296 42 490.9 490.7 
864 28 492.3 492.0 
648 21 493.4 493.2 
432 14 494.8 495.0 
324 10 495.7 495.9 
216 7 496.4 496.2 
162 5 496.9 496.6 
108 3 497.2 497.4 
81 3 497.6 497.5 
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Table S 2.88 2,2,2-Trifluoro-3'-(trifluoromethyl)acetophenone (2.80g). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
15187 614 477.2 476.8 
7593 307 481.0 480.1 
4999 202 481.9 481.7 
3797 153 483.5 483.3 
2499 101 485.7 485.6 
1898 77 487.4 486.6 
1250 50 489.3 489.3 
949 38 488.2 490.5 
625 25 493.1 493.0 
475 19 493.2 492.8 
312 13 495.6 495.5 
237 10 495.4 495.3 
156 6 497.0 496.9 
119 5 497.4 497.2 
78 3 497.9 498.0 
39 2 498.7 499.0 
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Table S 2.89 1-(3,5-Dichlorophenyl)-2,2,2-trifluoroethanone (2.80h). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
9872 616 475.4 475.7 
4936 308 479.3 478.8 
2468 154 481.6 482.4 
1795 112 482.5 482.7 
1234 77 484.7 485.2 
897 56 486.4 486.2 
617 38 486.7 487.1 
449 28 490.8 490.8 
309 19 490.7 491.6 
224 14 494.8 495.1 
154 10 494.4 494.9 
112 7 495.9 496.0 
77 5 496.5 497.2 
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Table S 2.90 1-(3,5-Bis(trifluoromethyl)phenyl)-2,2,2-trifluoroethanone (2.80i). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
14996 555 471.9 472.0 
7498 277 474.4 474.3 
3749 139 476.4 476.1 
1875 69 478.4 479.0 
1818 67 479.2 480.2 
937 35 481.7 481.8 
909 34 484.0 483.7 
469 17 486.3 486.5 
454 17 489.0 489.3 
234 9 492.6 493.0 
227 8 494.2 494.2 
117 4 495.8 495.5 
114 4 496.5 496.6 
57 2 497.6 498.1 
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Table S 2.91 2,2,2-Trifluoro-1-(pyridin-2-yl)ethanone (2.81). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
5001 3446 485.2 485.5 
3751 2585 486.4 486.3 
2500 1723 488.0 487.1 
1875 1292 488.8 488.6 
1250 862 489.7 490.1 
938 646 491.1 490.8 
625 431 492.2 492.2 
469 323 493.1 493.0 
313 215 494.5 493.8 
234 162 495.1 494.8 
156 108 495.9 495.9 
117 81 496.4 496.4 
78 54 497.3 497.2 
59 40 497.4 497.6 
39 27 497.6 497.9 
29 20 498.2 497.8 
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Table S 2.92 2,2,2-Trifluoro-1-(thiophen-2-yl)ethanone (2.82). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
19802 690 493.4 494.0 
14851 517 494.1 493.7 
9901 345 495.2 495.2 
7426 259 495.6 495.6 
4950 172 495.8 495.9 
3713 129 495.9 496.0 
2475 86 497.4 497.4 
1856 65 497.4 497.5 
1238 43 497.6 497.6 
928 32 497.6 497.7 
619 22 497.8 498.1 
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Table S 2.93 1,1,1-Trifluorobutan-2-one (2.83). [S] = 50 µM 

Equiv Equivhydrate lmax (nm)  
17866 746 483.6 
13408 560 484.9 
8933 373 487.0 
6704 280 488.2 
4467 187 489.9 
3352 140 491.7 
2233 93 493.6 
1676 70 494.3 
1117 47 495.5 
838 35 496.7 
558 23 497.3 
419 18 498.3 
279 12 498.0 
210 9 498.0 
140 6 498.3 
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(4.2% hydrate by 19F-NMR)
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Table S 2.94 3-Bromo-1,1,1-trifluoropropan-2-one (2.84). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
5000 871 484.0 483.9 
3750 653 485.4 486.3 
2500 436 486.0 485.1 
1875 327 487.7 488.2 
1250 218 489.4 490.1 
937 163 491.3 490.9 
625 109 492.5 493.0 
469 82 493.8 493.8 
312 54 495.2 495.2 
234 41 496.9 496.2 
156 27 496.8 496.8 
117 20 496.7 497.4 
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Table S 2.95 3,3-Dibromo-1,1,1-trifluoropropan-2-one (2.85). [S] = 50 µM 

Equiv Equivhydrate lmax (nm) (1) lmax (nm) (2) 
5247 453 477.9 477.6 
3935 340 477.8 477.5 
2624 227 479.0 478.2 
1968 170 478.7 479.3 
1312 113 481.8 478.7 
984 85 480.9 480.8 
656 57 483.0 483.8 
492 43 484.6 484.5 
328 28 488.2 488.1 
246 21 489.5 489.5 
164 14 491.8 491.4 
123 11 492.8 492.6 
82 7 494.6 494.2 
61 5 495.1 495.0 
41 4 495.7 495.7 
31 3 496.1 496.1 
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Data for Figure 2.10 and Additional Hammett Plots 

Table S 2.96 Data for Figure 2.10 and for additional Hammett plots 

compound ssubstituent(s)85 F 85 R 85 sp+ 85 
adjusted 

lnKeq 
unadjusted 

lnKeq 
2.80a –0.17 0.01 –0.18 –0.31 5.02 –0.70 
2.80b 0.00 0.03 0.00 0.00 5.30 –0.13 
2.80c 0.23 0.42 –0.19 0.11 5.83 1.04 
2.80d 0.39 0.45 –0.22 N/A 5.65 1.41 
2.80e –0.27 0.29 –0.56 N/A 4.68 1.48 
2.80f 0.37 0.42 –0.19 N/A 5.52 2.07 
2.80g 0.43 0.38 0.16 N/A 5.62 2.40 
2.80h 0.74 0.84 –0.38 N/A 5.95 3.17 
2.80i 0.86 0.76 0.32 N/A 6.70 3.38 

 

Figure S 2.4 Correlation between unadjusted lnKeq values and Hammett s values for aryl 
trifluoromethyl ketones 
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Figure S 2.5 Correlation between lnKeq values and resonance effect (R) for aryl trifluoromethyl 
ketones 

 

 

Figure S 2.6 Correlation between lnKeq values and field effect (F) for aryl trifluoromethyl ketones 
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Figure S 2.7 Correlation between lnKeq values and sp+ values for aryl trifluoromethyl ketones 

 

 

Figure S 2.8 CH2F Donors 
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19F-NMR Spectra 
!

Figure S 2.9 19F-NMR (376 MHz, CH2Cl2) for 2.80a 

 

 
Figure S 2.10 19F-NMR (376 MHz, CH2Cl2) for 2.80b 
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Figure S 2.11 19F-NMR (376 MHz, CH2Cl2) for 2.80c 

 

 

Figure S 2.12 19F-NMR (376 MHz, CH2Cl2) for 2.80d 
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Figure S 2.13 19F-NMR (376 MHz, CH2Cl2) for 2.80e (Titration 1) 

 

 

Figure S 2.14 19F-NMR (376 MHz, CH2Cl2) for 2.80e (Titration 2) 
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Figure S 2.15 19F-NMR (376 MHz, CH2Cl2) for 2.80f 

 

 

Figure S 2.16 19F-NMR (376 MHz, CH2Cl2) for 2.80g 
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Figure S 2.17 19F-NMR (376 MHz, CH2Cl2) for 2.80h 

 

 

Figure S 2.18 19F-NMR (376 MHz, CH2Cl2) for 2.80i 
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Figure S 2.19 19F-NMR (376 MHz, CH2Cl2) for 2.81 

 

 

Figure S 2.20 19F-NMR (376 MHz, CH2Cl2) for 2.82 
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Figure S 2.21 19F-NMR (376 MHz, CH2Cl2) for 2.83 

 

 

Figure S 2.22 19F-NMR (376 MHz, CH2Cl2) for 2.84 
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Figure S 2.23 19F-NMR (376 MHz, CH2Cl2) for 2.85 
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CHAPTER 3: CYCLIZATION OF DIARYLHEPTANOIDS VIA OXIDATIVE 

COUPLINGS 

3.1 Background. 

The cyclization of medium-sized biaryl rings remains a persistent challenge in synthetic 

chemistry. Ring closure in these systems is generally disfavored with most synthetic approaches 

due to a combination of entropic penalties and conformational strain. These challenges are 

especially relevant to the synthesis of diarylheptanoids, a class of natural products that feature two 

aryl rings connected by a seven-carbon linker (Figure 3.1).87 Hundreds of diarylheptanoids have 

been isolated from natural sources, and many exhibit significant biological activity, including 

cytotoxic, anti-inflammatory, and neuroprotective effects.88  

Figure 3.1 Selected examples of linear and cyclic diarylheptanoid natural products 

 

Myricanol (3.2, Figure 3.1) is a cyclic diarylheptanoid containing a strained 13-membered 

macrocyclic ring formed through a meta–meta’ biaryl linkage. Myricanol is a constituent of 

Myrica species and has drawn significant attention due to its neuroprotective properties.89 In 
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particular, the (aS, 11R)-isomer of myricanol has been shown to reduce the accumulation of tau 

proteins, which are pathologically linked to neurodegenerative diseases such as Alzheimer’s 

disease, dementia, and Parkinson’s disease.90,91 Because the activity of myricanol is stereospecific, 

an atroposelective synthesis is required to access the more bioactive isomer. These features made 

myricanol a compelling initial target for developing methods to access cyclic diarylheptanoids via 

oxidative phenol couplings. 

Several total syntheses of myricanol have been reported, each employing metal-catalyzed 

cross-coupling reactions. The first synthesis of myricanol, reported by Whiting and Wood in 1980, 

cyclized the ring through a nickel-mediated coupling of a di-iodide species (Scheme 3.1A).92 Two 

subsequent syntheses of myricanol utilized a Suzuki-Miyaura coupling (Scheme 3.1B)91 and an 

Ullman coupling (Scheme 3.1C) 93 for formation of the macrocyclic ring.  Ullman-type couplings 

and Suzuki couplings are common for the cyclization of diarylheptanoids, but these approaches 

necessitate the installation of additional functional groups on the aryl rings and the use of 

protecting groups, decreasing the efficiency of the overall synthesis.  
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Scheme 3.1 Previous cyclizations used for the synthesis of myricanol 

The proposed biosynthetic pathway for myricanol involves cyclization through an 

intramolecular oxidative coupling of the phenol termini (Scheme 3.2).87,94 Whiting and Wood 

attempted to synthesize myricanol and myricanone via an intramolecular oxidative coupling but 

most conditions resulted in decomposition, with the exception of thallium(III) trifluoroacetate, 

which provided the C–O coupled product (Scheme 3.3).92  
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Scheme 3.2 Proposed biosynthetic pathway for the cyclization of myricanol 

 

 

Scheme 3.3 Oxidative intramolecular C–O coupling (Whiting and Wood, 1980) 

Salih and Beaudry also tested a range of oxidative conditions on acerogenin G (3.1) in an effort 

to synthesize its cyclized counterpart acerogenin E (3.4).95 Most conditions either gave no reaction 

or resulted in decomposition. Lead(IV) acetate and lead(IV) oxide both provided the acetylated 

form of the C–O coupled product in low yield (Scheme 3.4). 

 

 

Scheme 3.4 Oxidative intramolecular C–O coupling of acerogenin G (Salih and Beaudry, 2017) 

 

O

O

OMe

OMe
OH

OMe

OHOH

OMe

OH

OMe

OHOH

OMe

OH

Ð 2H+

Ð 2eÐ

aS,11R-3.2

O

OH

OH

MeO

MeO
3.6

ketone linear precursor

O

O

O

OMe

OMeCH2Cl2, 0 ¼C

(CF3COO)3Tl

CÐO coupled product

O

OHHO

O

OAcO

3.1 HO

Pb(OAc)4, CH2Cl2
or

PbO2, HOAc



138 

 

3.2 Development of Synthesis of Linear Precursor 

To investigate optimal oxidative coupling conditions for myricanol, an efficient route to the 

linear precursor (3.14) was needed. Compound 3.14 was previously synthesized by Bochicchio 

and coworkers (Scheme 3.5),93 but this route was ultimately deemed inefficient as it required a 4:1 

ratio of the two olefins (3.9 and 3.12) to achieve the desired selectivity in a reasonable yield.  

 

Scheme 3.5 Previously reported synthesis of 3.14 

We set out to develop a more efficient synthesis of the linear precursor 3.14 using a Horner-

Wadsworth-Emmons reaction to bring fragments 3.9 and 3.15 together (Scheme 3.6). Benzylation 
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benzoquinone (DDQ) to give aldehyde 3.17 in moderate yield. Additional conditions for this 

transformation were screened, such as adding additional H2O or adding PdCl2, 96 but these changes 

resulted in a lower yield. Ketophosphonate 3.15, synthesized by phosphonation of 3.10, was 

subjected to a Horner-Wadsworth-Emmons reaction with 3.17 to give diene 3.18. It should be 

noted that the use of freshly distilled, peroxide-free THF prevented the formation of undesired 

byproducts and increased yield. Hydrogenation and debenzylation using Pearlman’s catalyst 
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(Pd(OH)2) of 3.18 provided ketone linear precursor 3.6. Alternative reductants, such as palladium-

on-carbon, resulted in lower yields. A sodium borohydride reduction of 3.6 afforded the alcohol 

linear precursor 3.14. Lithium aluminum hydride was screened as an alternative reductant but 

resulted in a complicated mixture of products. 

 

Scheme 3.6 Revised synthetic approach for alcohol linear precursor 3.14 

3.3 Oxidative Coupling Trials. 

Initial oxidative coupling trials were conducted using the alcohol linear precursor (3.14). A 

range of stoichiometric oxidants, including bis(trifluoroacetoxy)iodobenzene (PIFA), 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), and Bobbitt’s salt, were evaluated (Entries 1–7, 

Table 3.1).  
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Table 3.1 Oxidative coupling conditions screened 

 

 

Most conditions resulted in either no reaction, decomposition, or the formation of undesired 

oxidation products, such as quinones (3.19, 3.20, 3.21, Figure 3.2). A catalyst (Cr-Salen-Cy) 

previously employed by the Kozlowski group for intermolecular oxidative couplings97 was also 

screened, using oxygen as the terminal oxidant, but conversion was observed under these 

conditions (Entry 8, Table 3.1). 
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Figure 3.2 Examples of observed undesired oxidation products 

 

Due to competing side reactions observed with the alcohol precursor, the corresponding ketone 

(3.6) was selected for further studies. The replacement of the free alcohol with the ketone was 

expected to minimize undesired oxidation pathways. Photocatalytic studies were conducted, 

looking at three different photocatalysts (Scheme 3.7). None of the conditions screened led to 

formation of the desired cyclized product. Reaction with 4CzIPN resulted in formation of the 

corresponding dimer (3.22) via an intermolecular oxidative coupling. No reaction was observed 

with Ru(bpy)3(PF6)2, while reaction with Ir(ppy)3 provided quinone 3.20. 
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Scheme 3.7 Photochemical conditions screened using the ketone linear precursor 

Titanium dioxide has been recently employed by the Kozlowski group as a heterogenous 

photocatalyst for intermolecular oxidative phenol couplings.98 However, subjecting 3.6 to the 

reported conditions resulted primarily in dimerization and oligomerization, with no detectable 

amount of 3.3 formed (Scheme 3.8A). Acerogenin G (3.1), the linear precursor to cyclic 

diarylheptanoid acerogenin E (3.4), also dimerized under these conditions (Scheme 3.8B).  
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Scheme 3.8 TiO2-catalyzed coupling conditions  

High-throughput experimentation (HTE) was employed to efficiently screen a range of 

oxidative conditions, including different catalysts and additives. Analytical standards of myricanol 

and myricanone were extracted from commercially available bayberry essential oil and used to 

develop an optimized UPLC-MS method for product detection. Reactions were run on microscale 

using precursor 3.6 and analyzed by LC-MS. Initially, additional photochemical conditions were 

explored. Scheme 3.9 shows the catalysts, solvents, and oxidants screened. Dimers and 

oligomerization products were observed under all conditions but no formation of the desired 

cyclized product was detected. 

 

Scheme 3.9 Photochemical HTE screening for myricanone 
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A subsequent HTE screen was conducted using the Cr-Salen-Cy catalyst under an O2 

atmosphere. Reaction parameters including concentration, catalyst loading, and additives were 

systematically varied (Scheme 3.10).  

 

Scheme 3.10 Cr-Salen-Cy HTE screen 

At a lower catalyst loading (6 mol%), no formation of the desired product was observed, and 
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higher concentrations showed increased consumption of starting material but only a marginal 

improvement in product formation, suggesting that higher concentrations favor competing side 

reactions such as dimerization and oligomerization. The inclusion of radical inhibitors (TEMPO 

and galvinoxyl) led to a decrease in both starting material conversion and product yield, consistent 
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little effect on reaction outcome.  
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When the reaction was run at a larger scale, formation of desired product myricanone (3.3) was 

confirmed by 1H- and 13C-NMR as well as UPLC-MS. However, the reaction suffered from 

incomplete conversion as well as a significant formation of dimerization and oligomerization 

products, resulting in a 5% isolated yield (Scheme 3.11).  

 

Scheme 3.11 Successful oxidative coupling conditions for myricanone (3.3) 

Additional efforts were made to improve yield, such as varying the oxidant (H2O2, PhIO), 

catalyst (Mn-Salen-Cy, Cu-Salan-Cy), and temperature, but none led to an increase in yield. No 

desired product was observed when acerogenin G (3.1) was subjected to the successful Cr-Salen-

Cy coupling conditions (Scheme 3.12). 

 

Scheme 3.12 Attempted Cr-Salen-Cy-catalyzed oxidative cyclization for acerogenin E (3.4) 
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Scheme 3.13 General approach for using tethers to promote intramolecular coupling 

Silyl ethers initially appeared to be promising candidates for tethers, as there have been reports 

of silyl ethers being used as tethers for phenolic rings.99,100 However, when acerogenin G was 

subjected to dichlorodiisopropylsilane in the presence of base, no product was observed (Scheme 

3.14). 

 

Scheme 3.14 Attempts at installing silyl tethers 

Boron tethers were previously employed by the Waldvogel group in electrochemical 

intermolecular oxidative phenol couplings. More recently, the Kozlowski group has adapted this 

strategy toward photochemical TiO2-catalyzed couplings. However, subjecting 3.1 to these 

conditions resulted in no detectable amounts of product (Scheme 3.15). 
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Scheme 3.15 Attempts at using boron tethers to facilitate intramolecular coupling 

The Pappo group reported on intramolecular oxidative macrocyclizations of diphenolic 

peptides using a multicopper cluster (Figure 3.3A).101 Their system was effective in cyclizing 15-

membered rings or larger but notably failed to form a 12-membered ring. Additionally, their scope 

examined only peptide-tethered substrates. When acerogenin G was subjected to these conditions, 

no desired product formation was observed by LC-MS (Figure 3.3B). 
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3.5 Cyclodextrins. 

Conventional methods were not providing the desired cyclized product in significant 

quantities. Rather, most conditions resulted in oligomerization, indicating that intermolecular 

coupling is favored over intramolecular coupling for these systems. As result, we investigated 

molecular containers as an alternative solution. Molecular containers possess well-defined cavities 

capable of encapsulating a guest molecule via non-covalent interactions.102 The hydrophobic 

pocket of the container could provide spatial confinement and promote the desired intramolecular 

coupling reaction, potentially overcoming the challenges associated with medium-sized ring 

cyclization of diarylheptanoids. To assess the effectiveness of cyclodextrins for intramolecular 

couplings, acerogenin G was selected as a test substrate. 

Three cyclodextrins (a-CD, b-CD, and g-CD) were selected as initial containers for 

investigation due to commercial availability and their diverse cavity sizes (Figure 3.4). 

Cyclodextrins have also previously been used for regioselective intermolecular oxidative phenol 

couplings.103  

Figure 3.4 Cartoon representations of a-, b-, and g-CD 
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protons of 3.1 depending on the cyclodextrin used and compared to the unbound substrate. The 

variations in chemical shifts indicate that the protons are in different environments and indicate 

that there is an interaction between 3.1 and the cyclodextrins. The chemical shifts of the 

cyclodextrin protons also change in the presence of 3.1, providing additional evidence that the 

cyclodextrins are complexing with the substrate. 
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Figure 3.5 1H-NMR spectra of 3.1 and CDs in D2O  
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formed. Most conditions resulting in unreacted starting material and the formation of undesired 

oligomers. Additional byproducts were observed with a-CD in the presence of iron trichloride 

hexahydrate (condition A) or potassium ferricyanide (condition B) at 50 ºC.  

Table 3.2 Screen of oxidative conditions with cyclodextrins 
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Additional control oxidations were conducted to ensure that the cyclodextrin was necessary 

for formation of the desired product and are summarized in Table 3.3. 

Table 3.3 Summary of control oxidations with potassium ferricyanide 

 

 

 

 

 

The reaction of 3.1 with each cyclodextrin using potassium ferricyanide as the oxidant was 

monitored by LC-MS over three days. Although incomplete conversion of starting material and 

formation of oligomers was observed for all cyclodextrins, acerogenin E was detected with both 

a-CD and g-CD. Other products were detected with masses corresponding to other cyclized 

products, such as pterocarine or engelhardione (Figure 3.6). 

Figure 3.6 Possible structures of byproducts observed by LC-MS 
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Encouraged by these results, a larger scale (0.25 mmol) reaction was run to obtain an isolated 

yield (Scheme 3.16). A trace amount of acerogenin E was observed by LC-MS but was not 

observed by 1H-NMR spectroscopy or isolated upon purification. 

 

Scheme 3.16 Larger scale reaction  

Calculations performed by Dr. Madeline Rotella revealed that it was unlikely that 3.1 was 

oriented within the cyclodextrin in a way that would facilitate coupling. In all cyclodextrins, the 

open chain conformation inside the host was more energetically favorable than the pre-organized 

conformation inside the host (Figure 3.7). 

Figure 3.7 Cartoon representations of 3.1 in the open chain and pre-organized conformations 
inside the cyclodextrin host  

 

Since the investigations using cyclodextrins as molecular containers did not afford the desired 

product in measurable quantities, we turned toward other molecular containers. The Rebek group 

has extensively researched the use of a cavitand for selective intramolecular macrocyclizations of 

diamines.104 However, cavitands proved to be difficult to synthesize and were often unstable to 

oxidative conditions. 

K3[Fe(CN)6] (2 equiv)
NaOH (2 equiv)

! -cyclodextrin (1 equiv)
H2O (5 mM), 50 ¡C, 15 h

0.25 mmol scale

OH

OHO

OH

OHO

3.1 3.4
trace

OHOH

O

HOOH

O

Open Chain Conformation Pre-organized Conformation
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3.6 Metal-organic Frameworks. 

 Metal-organic frameworks (MOFs) represent a class of crystalline porous materials 

constructed from of inorganic clusters (nodes) connected by organic linkers. Due to their 

versatility, MOFs have been used for a wide range of applications, including catalysis105–107, 

separations108, chemical sensing109,110, gas storage111,112, and drug delivery.113 The precise tuning 

of MOF properties, such as pore size, surface area, and tailored functionality, can be achieved 

through strategic selection of building blocks and post-synthetic modification. Their modularity, 

crystallinity, and high degree of porosity for guest inclusion positions MOFs as promising 

candidates for heterogeneous catalysis.114 Additionally, the ability to construct MOFs with large 

pore diameters to accommodate larger, more complex organic molecules is of interest to synthetic 

organic chemists.115 For these reasons, we chose to investigate the use of MOFs as molecular 

containers for cyclizing diarylheptanoids. 

We began a collaboration with the Milner group at Cornell University, specialists in MOFs. 

They provided us with a set of MOFs that exhibit distinct structural characteristics. Calculations 

were performed by Dr. Madeline Rotella to determine the dimensions of our test substrate and the 

corresponding product, acerogenin G and E (Table 3.4).  
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Table 3.4 Dimensions of acerogenin G (3.1) and acerogenin E (3.4) 

 

Conformation Dimensions (Å) 

Pre-organized 9.0 x 8.9 x 7.7 

Open chain 9.9 x 16.0 x 10.5 

Product 8.8 x 8.9 x 8.9 
 

Heterometallic Titanium MOFs (MUV-101(Fe), MUV-10(M)). Titanium-based MOFs (Ti-

MOFs, Figure 3.8) have garnered significant attention for their remarkable chemical stability, 

photoredox properties, and low toxicity.116,117 These attributes make Ti-MOFs promising 

candidates for a range of catalytic applications. We aimed to use Ti-MOFs as photocatalysts for 

promoting intramolecular oxidative phenol couplings, leveraging their tunable light absorption 

properties.118 Subjecting the linear precursors to TiO2 oxidative coupling conditions gave dimers 

and oligomers, so we hoped that the confinement provided by the cavity of the MOF would bring 

the termini closer together and facilitate the intramolecular coupling. 

 
Figure 3.8 Metal cluster and organic linker for Ti-MOFs 
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To test the feasibility of using the Ti-MOFs, preliminary tests were conducted on 

intermolecular oxidative couplings (Table 3.5). These initial results were promising as they 

demonstrated that all the Ti-MOFs evaluated had the capacity to act as photocatalysts in 

intermolecular couplings, albeit with lower yields and conversions when compared to TiO2. The 

poor mass balance for the TiO2-catalyzed reaction is due to the formation of undesired 

overoxidation products. Notably, MUV-101(Fe) had comparably good mass balance, possibly due 

to the confinement effects provided by the cavity of the MOF. MUV-10(Mn) and MUV-10(Ca) 

possess smaller pore sizes, which could hinder guest inclusion, resulting in low yield. Reactivity 

could also be occurring on the exterior of the MOF, allowing for overoxidation products. The 

larger pore of MUV-101(Fe) is likely able to accommodate two phenol monomers, thus facilitating 

the coupling.  

Table 3.5 Results of intermolecular coupling trials for Ti-based MOFs 

 

 

Dr. Madeline Rotella generated images of acerogenin G (3.1) inside MUV-101(Fe) using the 

optimized coordinates of acerogenin G and the previously published crystal structure of the MOF 

Me

Me

OH
Me

Me

OH

HO

Me

Me

Ti cat (0.3 equiv)
4,4Õ-di-tert-butyl-biphenyl (0.4 equiv)

427 nm light, HFIP, air, 16 h

3.23
3.24

 MUV-10(Mn) MUV-10(Ca) MUV-101(Fe) TiO2 
Pore Size (Å) 12 12 17–21, 22–26 N/A 

Band Gap (eV) 2.6!117 3.1!117 2.4!119 3.2!116 
Yield (%) 4 4 18 28 

Conversion (%) 43 30 30 96 
Mass Balance (%) 61 73 88 32 
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(Figure 3.9). These images suggest that MUV-101(Fe) may be capable of encapsulating 3.1. It 

should be noted that the substrate was not optimized inside the MOF, due to large file sizes. 

Figure 3.9 Acerogenin G (3.1) inside MUV-101(Fe) 

 

Unfortunately, when acerogenin G (3.1) was subjected to MUV-101(Fe)-catalyzed oxidative 

coupling conditions, mostly starting material and trace dimer was observed by LC-MS (Scheme 

3.17). In contrast, the analogous TiO2-catalyzed reaction yielded dimers and oligomers, as well as 

unreacted starting material. This suggested that the MOF may not be sufficiently large enough to 

encapsulate 3.1. The trace dimer observed may have been due to reaction at the exterior of the 

MOF. 

 

Scheme 3.17 TiO2- and MUV-101(Fe)-catalyzed intramolecular coupling attempts of 3.1 

TiO2 or MUV-101(Fe) (1 equiv)OH

OHO

OH

OHO

3.1 3.4
not detected

427 nm light, HFIP, air, 28 h
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To investigate if substrate size was the issue, we subjected compounds with shorter tethers to 

Ti-MOF coupling conditions. These substrates, possessing shorter alkyl tethers, were previously 

studied by the Kozlowski group in a vanadium-catalyzed intramolecular coupling (Scheme 

3.18).29 

 

Scheme 3.18 Previously reported vanadium-catalyzed intramolecular coupling 

Compound 3.25 was subjected to Ti-MOF-catalyzed conditions and TiO2-catalyzed conditions 

(Table 3.6). An additional control reaction was conducted in the absence of catalyst. In all cases, 

overoxidation products were observed. MUV-10(Mn) and MUV-10(Ca) performed similarly to 

the control reaction, suggesting that the substrate was too large to be encapsulated. In addition to 

overoxidation products, a small amount of desired product 3.26 was observed for the MUV-

101(Fe)-catalyzed reaction. The TiO2-catalyzed reaction went to near complete conversion, but no 

desired product was observed by LC-MS. These results suggest that the MOFs are capable of 

positively affecting the reaction outcomes in favor of the cyclized product, if substrate dimensions 

allow for inclusion within the MOF cavity. 
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Table 3.6 Results of Ti-catalyzed intramolecular coupling of 3.25 

 

 

Salen-based MOFs (ZnSF-ext-M). Existing literature highlights the effectiveness of salen-

based MOFs as heterogeneous catalysts.120,121 Aryl-extended salen derivatives were synthesized 

and integrated as linkers into a previously reported MOF (ZnSF-ext-M, Figure 3.10).122 The 

linkers of the resulting frameworks were metalated with vanadium and chromium.  

 

 

When 3.1 was subjected to oxidative coupling conditions in the presence of the salen-based 

MOFs, no detectable conversion of starting material was observed (Scheme 3.19). We hypothesize 

that the substrate was too large to be encapsulated. The lack of conversion also suggests that 

reactions are not occurring outside the MOF. The confinement of these MOFs could allow for 

unique selectivity in intermolecular oxidative coupling reactions, but the ability to further 
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HFIP (0.025 M), air, 16 h, rt

3.25

3.26

Ti cat (x equiv)
4,4Õ-di-tert-butyl-biphenyl (0.3 equiv)

O

O
O

O

O

O

O

O
O

O

O

O

O

Zn

ZnZn

Zn

Zn4 Cluster

O

O

t-Bu

NN

t-Bu

O

O
O O

ext salen
M = V, Cr

M

 MUV-10(Mn) MUV-10(Ca) MUV-101(Fe) TiO2 No Cat. 

Cat. Loading (mol%) 20 20 20 100 — 

Yield (%) 0 0 4 0 0 

Conversion (%) 43 51 22 97 39 

Figure 3.10 Metal cluster and organometallic linker for ZnSF-ext-M 
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investigate this possibility is limited by the difficulties in synthesizing these MOFs in large enough 

quantities for screening.  

 

Scheme 3.19 Attempts at using ZnSF-ext-M MOFs for intramolecular coupling of 3.1 

3.7 Conclusion 

The synthesis of diarylheptanoids through an oxidative coupling of the two phenol termini 

remains a challenge. Nontemplated reaction conditions did not succeed. Templated conditions with 

either cyclodextrins or MOF were hypothesized as a solution. While good interactions were 

observed between the cyclodextrins and substrates, selective oxidative coupling to the 

diarylheptanoids was not observed.   For MOF, low reactivity was seen in most cases possible due 

poor guest encapsulation which is supported by analysis of pore sizes. For this approach to work, 

more tailored molecular containers are needed.  

Alternatively, directed evolution could be leveraged to develop tailored enzymes capable of 

catalyzing oxidative macrocyclizations. Notably, the Narayan group demonstrated that engineered 

cytochrome P450 enzymes can facilitate biocatalytic cross-couplings of phenols, achieving high 

levels of selectivity.123 Adapting this approach to the cyclization of diarylheptanoids couple 

provide a solution to the challenges of medium-sized ring formation via oxidative coupling. 

 

ZnSF-ext-M (30 mol%)OH

OHO

OH

OHO

3.1 3.4
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1,2-DCE, 50 ¼C
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3.8 Supporting Information. 

General Considerations 

All reagents were obtained from commercial sources of the highest purity and used without 

further purification, unless otherwise noted. Oxygen and hydrogen tanks were sourced from 

Airgas. When necessary, solvents were dried and purified before use via a solvent purification 

system or used from an AcroSealTM bottle. Reactions requiring heating were performed either in 

round-bottom flasks using a silicon oil bath or in Chemglass (4 mL or 8 mL or 20 mL) microwave 

reaction vials (borosilicate glass) with 20 mm aluminum seals and a PTFE septa (rated up to 20 

bar) using a Chemglass OptiChem block heated with an IKA C-MAG HS7 heat/stir plate. 

High-throughput experiments were assembled under air. To an aluminum reaction block 

loaded with 1 mL glass vials (8 x 30 mm) was added solutions of reagents according to the screen 

design. Liquid solutions were dosed manually via the use of a multi-channel repeater pipette. 

Reactions were heated and stirred on a heating block a tumbler stirrer (V&P Scientific) using 1.98 

(d) x 4.80 (l) mm parylene-coated stir bars (V&P Scientific). Reaction vials were sealed in a 24-

well aluminum reaction block (Analytical Sales and Services) prior to heating/stirring. A 0.062 

mm thick rubber gasket was placed across the bottom of the plate while a PFA film (Analytical 

Sales and Services) was placed on top of the vials prior to sealing. The entire assembly was 

compressed between an aluminum top and the reactor base with nine evenly placed screws.  The 

mixtures were then analyzed using Agilent Chemstation on a Waters Acquity UPLC-SQ with a 

sample manager holding up to 8 well plates, binary pumps, and PDA module and single quadrupole 

detector equipped with an ESI system. 
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Analytical thin layer chromatography (TLC) was performed on EM Reagents (0.25 mm slica-

gel 254-F plates). Visualization was accomplished with UV light. For standard LCMS analysis, 

the following gradient was utilized: UPLC (Acquity SQD with ESI): Acquity UPLC HSS C18; 

1.7 µm; 2.1mm x 50mm; Column T = 40 °C; 500 µL/min. Gradient (3.50 min, 0.1% formic acid 

additive): 0.50 min at 5% MeCN:H2O; 2.00 min gradient to 95% MeCN:H2O; 0.50 min at 95% 

MeCN:H2O; 0.10 min gradient to 5% MeCN:H2O; 0.40 min at 5% MeCN:H2O. Detection: Waters 

UV (254 nm). 

Automated flash chromatography was performed using a Teledyne ISCO CombiFlash® (254 

nm & 280 nm UV detector) with RediSep Rf Gold® disposable silica columns (60 Å porosity, 20-

40 µm) or flash chromatography with forced flow of the indicated solvent system on Silica-P flash 

silica gel (50-63 µm mesh particle size). For normal-phase chromatography, n-hexanes: EtOAc 

mobile phase was used. Unless otherwise noted, yields refer to isolated material based on product 

purity (> 95%) determined by 1H-NMR spectroscopy following purification (trituration or column 

chromatography). 

NMR spectra (1H, 13C{1H}) were recorded on a Fourier transform NMR spectrometer at 298 

K at 400 or 600 MHz (for 1H) and 101 or 151 MHz (for 13C{1H}). Chemical shifts are reported 

relative to the solvent resonance peak (CDCl3: δ = 7.26 ppm, DMSO-d6: δ = 2.50 ppm, acetone-

d6: δ = 2.05 ppm) for 1H-NMR spectra and (CDCl3: δ = 77.16 ppm, DMSO-d6: δ = 39.52 ppm, 

acetone-d6: δ = 29.84 ppm) for 13C{1H} spectra. NMR spectra multiplicities are reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br s = broad 

singlet, dd = doublet of doublets, did = doublet of doublet of doublets, dt = doublet of triplets, td 
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= triplet of doublets, m = multiple), constant couplings (J, reported in Hz), and number of protons. 

13C{1H} spectra were fully proton decoupled. 

Synthesis of myricanol linear precursor 

Compounds 3.9!:;  and 3.15 95 and were synthesized via a previously reported literature procedure. 

 

 

1-Allyl-2-(benzyloxy)-3,4-dimethoxybenzene (3.16): To a round-bottom flask containing a 

solution of 3.9 (446 mg, 2.30 mmol, 1.00 equiv) in acetone (25 mL, 0.92 M) was added K2CO3 

(700 mg, 5.07 mmol, 2.21 equiv) and benzyl bromide (0.55 mL, 4.6 mmol, 2.0 equiv). The flask 

was equipped with a reflux condenser and heated to 70 ºC in an oil bath. After 17 h, the reaction 

mixture was cooled to room temperature and quenched with H2O (30 mL). The aqueous layer was 

extracted with EtOAc (30 mL x 3). The combined organic layers were dried with Na2SO4, filtered, 

and concentrated. The mixture was purified by flash chromatography (10% EtOAc:n-hexanes) to 

provide 3.16 (561 mg, 1.97 mmol) as a clear, colorless liquid in 86% yield. 

1H-NMR (600 MHz, CDCl3) δ 7.51 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 7.36 (t, J = 7.4 

Hz, 1H), 6.88 (d, J = 8.4 Hz, 1H), 6.69 (d, J = 8.5 Hz, 1H), 5.94 (m, 1H), 5.09 (s, 2H), 5.07 – 5.01 

(m, 2H), 3.93 (s, 3H), 3.90 (s, 3H), 3.35 (d, J = 6.5 Hz, 2H). 

13C{1H}-NMR (101 MHz, CDCl3) δ 152.4, 150.7, 142.6, 138.0, 137.7, 128.6, 128.3, 128.1, 126.6, 

124.1, 115.5, 107.6, 75.3, 61.0, 56.2, 34.0. 

OBn

MeO

MeO

3.16
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(E)-3-(2-(Benzyloxy)-3,4-dimethoxyphenyl)acrylaldehyde (3.17): To a vial equipped with a stir 

bar was added DDQ (489 mg, 2.15 mmol, 2.21 equiv), 1,2-dichloroethane (4.8 mL, 0.2 M), H2O 

(36 µL, 2.0 equiv), and 3.16 (277 mg, 0.975 mmol, 1.00 equiv). The vial was heated to 60 ºC on 

an aluminum heating block under air for 20 min, and then cooled to room temperature. The reaction 

mixture was neutralized with Na2CO3 (20 mL), diluted with brine (20 mL), and filtered through 

cotton into a separatory funnel. The aqueous layer was extracted with EtOAc (20 mL x 3), dried 

with MgSO4, filtered, and concentrated. The mixture was purified by flash chromatography (20% 

EtOAc:n-hexanes) to provide 3.17 (116.7 mg, 0.391 mmol) as a brown liquid in 40% yield. 

1H-NMR (600 MHz, CDCl3) δ 9.49 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 16.0 Hz, 1H), 7.44 – 7.29 (m, 

6H), 6.75 (d, J = 8.8 Hz, 1H), 6.56 (m, 1H), 5.13 (s, 2H), 3.94 (s, 3H), 3.92 (s, 3H). 

13C{1H}-NMR (101 MHz, CDCl3) δ 194.3, 156.6, 152.1, 148.0, 142.6, 136.8, 128.8, 128.7, 128.6, 

127.4, 123.0, 121.9, 108.2, 76.5, 61.2, 56.3. 

 

 

(4E,6E)-7-(2-(Benzyloxy)-3,4-dimethoxyphenyl)-1-(4-(benzyloxy)phenyl)hepta-4,6-dien-3-

one (3.18): To a vial containing a solution of ketophosphonate 3.15 (236 mg, 0.652 mmol, 1.21 

equiv) in THF (2.8 mL, 0.19 M) was added DBU (0.10 mL, 0.66 mmol, 1.2 equiv). The mixture 

was stirred for 10 min, after which aldehyde 3.17 (161 mg, 0.541 mmol, 1.00 equiv) was added. 
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The vial was heated to 70 ºC on an aluminum heating block and stirred for 6 h. The reaction 

mixture was cooled to room temperature and then quenched with 2 M HCl (0.4 mL), diluted with 

H2O, and extracted with EtOAc (15 mL x 3). The combined organic layers were washed with 

brine, dried with MgSO4, filtered, and concentrated. The mixture was purified by flash 

chromatography (25% EtOAc:n-hexanes) to provide 3.18 (253.3 mg, 0.4738 mmol) as a white 

amorphous solid in 88% yield.   

1H-NMR (600 MHz, CDCl3) δ 7.47 – 7.44 (m, 2H), 7.44 – 7.30 (m, 8H), 7.24 – 7.20 (m, 2H), 

7.17 – 7.12 (m, 2H), 7.09 (d, J = 15.7 Hz, 1H), 6.94 – 6.88 (m, 2H), 6.81 – 6.74 (m, 1H), 6.71 (d, 

J = 8.8 Hz, 1H), 6.16 (dt, J = 15.4, 0.8 Hz, 1H), 5.05 (s, 2H), 5.04 (s, 2H), 3.91 (s, 3H), 3.90 (s, 

3H), 2.94 – 2.84 (m, 4H). 

13C{1H}-NMR (101 MHz, CDCl3) δ 199.8, 157.3, 154.8, 151.4, 143.9, 142.7, 137.3, 137.3, 136.4, 

133.8, 129.5, 128.7, 128.7, 128.6, 128.6, 128.4, 128.0, 127.6, 126.0, 123.7, 122.0, 115.0, 108.1, 

76.1, 70.2, 61.2, 56.2, 42.6, 29.6. Several carbons (6) are overlapping. 

 

 

7-(2-Hydroxy-3,4-dimethoxyphenyl)-1-(4-hydroxyphenyl)heptan-3-one (3.6): To a vial 

containing a solution of 3.18 (123 mg, 0.231 mmol, 1.00 equiv) in EtOAc (3 mL, 0.08 M) was 

added Pearlman’s catalyst (40 mg, 20% Pd(OH)2 on carbon nominally 50% water, 20% w/w). The 

vial was capped with a rubber septum. Hydrogen gas was added via active purge. The reaction 

mixture was stirred at room temperature under a hydrogen atmosphere for 22 h.  The mixture was 

OH

MeO

MeO

3.6
OH

O
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filtered through a Celite™ plug, washed with EtOAc, and concentrated to provide 3.6 (82.1 mg, 

0.23 mmol) as a white solid in 99% yield. 

1H-NMR (400 MHz, CDCl3) δ 7.07 – 6.99 (m, 2H), 6.78 – 6.69 (m, 3H), 6.39 (d, J = 8.5 Hz, 1H), 

5.82 (s, 1H), 4.74 (s, 1H), 3.89 (s, 3H), 3.83 (s, 3H), 2.81 (t, J = 7.5 Hz, 2H), 2.71 – 2.63 (m, 2H), 

2.55 (t, J = 7.2 Hz, 2H), 2.40 (t, J = 7.1 Hz, 2H), 1.66 – 1.48 (m, 4H). 

13C{1H}-NMR (101 MHz, CDCl3) δ 210.9, 154.0, 150.6, 147.4, 135.5, 133.4, 129.6, 124.2, 121.4, 

115.4, 103.5, 61.0, 56.0, 44.6, 43.1, 29.5, 29.3, 29.1, 23.6. 

 

 

6-(5-Hydroxy-7-(4-hydroxyphenyl)heptyl)-2,3-dimethoxyphenol (3.14): A microwave vial 

containing a solution of 3.6 (160 mg, 0.45 mmol, 1.0 equiv) in EtOH (1 mL, 0.5 M) was cooled to 

0 ºC in an ice bath and NaBH4 (21.5 mg, 0.569 mmol, 1.2 equiv) was added. The reaction mixture 

was stirred at 0 ºC for 3 h, and then transferred to a separatory funnel with cold H2O (20 mL) and 

EtOAc (20 mL). The aqueous layer was extracted with EtOAc (15 mL x 2). The combined organic 

layers were washed with brine, dried with MgSO4, filtered, and concentrated to provide 3.14 (166 

mg, 0.46 mmol) in quantitative yield. 

1H-NMR (400 MHz, CDCl3) δ 7.05 (d, J = 8.45 Hz, 2H), 6.79 – 6.71 (m, 3H), 6.40 (d, J = 8.51 

Hz, 1H), 3.89 (s, 3H), 3.83 (s, 3H), 3.68 – 3.57 (m, 1H), 2.77 – 2.65 (m, 1H), 2.65 – 2.52 (m, 3H), 

1.82 – 1.34 (m, 8H). 

Spectral data are in agreement with those previously reported.93 
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MeO

MeO
3.14
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General Screening Protocol 

A reaction vessel was charged with linear precursor and reagents and then stirred at the required 

temperature for the indicated time. Upon completion, reaction mixtures were worked up (if 

needed) and analyzed using LC-MS and/or 1H-NMR spectroscopy to determine if there was 

desired product formation. 

Initial oxidation screenings for 3.14 (from Table 3.1) 

 

Entry 1: To a microwave vial containing 3.14 (10 mg, 1 equiv) dissolved in CH2Cl2 (1 mL) under 

Ar at –20 ºC was added a solution of PIFA (13.1 mg, 1.1 equiv) and BF3•Et2O (7 µL, 2 equiv) in 

CH2Cl2 (1 mL). The reaction mixture was stirred and allowed to warm to room temperature. 

Conversion was monitored by TLC and LC-MS. After 2 d, the reaction mixture was concentrated 

and an 1H-NMR spectrum was obtained 

Entry 2: To a microwave vial containing 3.14 (10 mg, 1 equiv) dissolved in CH2Cl2 (1 mL) under 

Ar at –78 ºC was added a solution of PIFA (14.8 mg, 1.1 equiv) and BF3•Et2O (70 µL, 20 equiv) 

in CH2Cl2 (1 mL). The reaction mixture was stirred at –78 ºC for 1 h, then diluted with CH2Cl2 

(0.5 mL) and quenched with NaHCO3 (2 mL). The mixture was transferred to a separatory funnel 

and the organic layer was washed with NaHCO3 (2 mL x 2) and brine, dried with MgSO4, filtered, 

and concentrated. An 1H-NMR spectrum was obtained. 

OH

MeO
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HO HO
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Entry 3: To a microwave vial under Ar was added 3.14 (10 mg, 1 equiv), PIFA (16 mg, 1.4 equiv), 

and HFIP (2.4 mL) at –20 ºC. The reaction mixture was stirred and allowed to warm to room 

temperature. After 22 h, the reaction mixture was concentrated, and an 1H-NMR spectrum was 

obtained. 

Entry 4: To a microwave vial under Ar was added 3.14 (10 mg, 1 equiv), PIFA (13 mg, 1.1 equiv), 

and HFIP (2.4 mL) at room temperature. The reaction was stirred at room temperature. After 15 

min, the reaction mixture was concentrated, and an 1H-NMR spectrum was obtained. 

Entry 5: To a vial containing a solution of 3.14 (10 mg, 1 equiv) in CH2Cl2 (1 mL) was added 

CF3CO2H (20 equiv) and DDQ (7 mg, 1 equiv). The reaction mixture was stirred at room 

temperature and monitored by TLC. After 27 h, the reaction was quenched with NaHCO3 (1.7 mL) 

and transferred to a separatory funnel. The organic layer was washed with water (5 mL x 2) and 

brine (5 mL), dried with MgSO4, filtered, and concentrated. An 1H-NMR spectrum was obtained. 

Entry 6: To a microwave vial containing 3.14 (10 mg, 1 equiv) dissolved in CH2Cl2 (1 mL) was 

added DDQ (6 mg, 1 equiv). The reaction mixture was stirred at room temperature for 24 h, then 

quenched with NaHCO3 (0.8 mL), and transferred to a separatory funnel. The aqueous layer was 

extracted with CH2Cl2 (5 mL x 3). The combined organic layers were dried with MgSO4, filtered, 

and concentrated. An 1H-NMR spectrum was obtained. 

Entry 7: To a microwave vial containing Bobbitt’s salt (10 mg, 1.2 equiv) in MeOH (1.5 mL) was 

added a solution of 3.14 (10 mg, 1 equiv) in MeOH (1.5 mL). The reaction mixture was stirred at 

room temperature for 2 d, filtered, concentrated, and an 1H-NMR spectrum was obtained. 
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Entry 8: To a microwave vial containing 3.14 (10 mg, 1 equiv) was added Cr-Salen-Cy (3.2 mg, 5 

mol%) and 1,2-dichloroethane (1 mL, 0.03 M). The vial was sealed. Oxygen was added via active 

purge. The reaction mixture was heated to 80 ºC and stirred. After 24 h, the reaction mixture was 

cooled to room temperature, filtered through a silica plug, and concentrated. An 1H-NMR spectrum 

was obtained. 

Photochemical oxidation screenings with 3.6 (from Scheme 3.7) 

 

To a vial equipped with a stir bar was added 3.6 (13 mg, 1 equiv), 4CzIPN (1 mg, 5 mol%), and 

Na2S2O8 (22 mg, 2.6 equiv). The vial was purged with Ar, and MeCN/H2O (7:3, 0.5 mL) was 

added, followed by pyridine (6 µL, 2 equiv). The reaction mixture was irradiated with blue LEDs 

and monitored by TLC. After 2.5 d, the reaction mixture was quenched with water. The aqueous 

layer was extracted with EtOAc (5 mL x 3). The combined organics were concentrated, and an 

LC-MS and 1H-NMR spectrum was obtained. 

 

To a vial equipped with a stir bar was added 3.6 (10 mg, 1 equiv), Ru(bpy)3(PF6)2 (2 mg, 10 mol%), 

Na2S2O8 (18 mg, 2.8 equiv), and pyridine (5 µL, 2 equiv). The vial was purged with Ar, and 

MeCN/H2O (7:3, 0.5 mL) was added. The reaction mixture was irradiated with blue LEDs and 

4CzIPN
Na2S2O8, pyridine

MeCN/H2O
440 nm

OMe

OHO

OMe

OHO

OH

OMe

OH

OMe

Ru(bpy) 3(PF6)2
Na2S2O8, pyridine

MeCN/H2O
440 nm

OMe

OHO

OMe

OHO

3.6 3.2

OH

OMe

OH

OMe



170 

 

monitored by TLC. After 2.5 d, the mixture was quenched with H2O (3 mL). The aqueous layer 

was extracted with EtOAc (5 mL x 3). The combined organic layers were concentrated, and an 1H-

NMR spectrum was obtained. 

 

To a microwave vial equipped with a stir bar was added 3.6 (21 mg, 1 equiv), Ir(ppy)3 (0.4 mg, 1 

mol%), Na2S2O8 (28 mg, 2 equiv), Na2CO3 (15 mg, 2.4 equiv), and MeCN/H2O (1:1, 10 mL). The 

mixture was sparged with Ar, then irradiated with a 450 nm laser (3.5 W) at a distance of 23 inches 

(full aperture–non-focused beam). After 26 h, the reaction mixture was concentrated, and an 1H-

NMR spectrum was obtained. 

TiO2-catalyzed couplings of 3.6 and 3.1 (from Scheme 3.8) 

 

To a vial was added linear precursor (3.6 or 3.1, 10 mg, 1 equiv), TiO2 (7 mg, 3 equiv), and HFIP 

(19 mL, 1.5 mM). Oxygen was added via active purge. The reaction mixture was irradiated under 

440 nm light and stirred. After 1 d, an LC-MS was obtained. 

 

 

Ir(ppy) 3
Na2S2O8, Na2CO3

MeCN/H2O
450 nm

OMe

OHO

OMe

OHO

3.6 3.2

OH

OMe

OH

OMe

OMe

OHO

OMe

OHO
HFIP (1.5 mM)

O2

TiO2 (3 equiv)

OMe

OH

OMe

OH

3.6 3.3

OH

OHO

OH

OHO
HFIP (1.5 mM)

O2

TiO2 (3 equiv)

3.1 3.4

A B



171 

 

Photochemical HTE Screening Results 

Procedure for Photochemical High Throughput Experimentation (HTE): A solution of 3.6 

(1.3 µmol, 75 µL, 0.02 M) in 1,2-DCE/MeOH (2:1) was dosed into the 24-well plate reactor vials. 

Solutions of photocatalyst (0.2 µL, 50 µL, 4 mM), 2,6-di-tert-butyl-pyridine (1.6 µL, 50 µL, 0.03 

M), and persulfate (2.2 µL, 50 µL, 0.044 M), in 1,2-DCE were plated according to the map for the 

screen. The plate was concentrated to remove solvent, and solvent (HFIP or MeCN, 200 µL) was 

added as determined by the screening map. The reaction plate was sealed, irradiated with blue 

LEDs, and stirred. After 20 h, 50 µL of each solution was pipetted into a separate 96-well LC 

block with 1 mL wells, and 250 µL of MeCN was added. The block was centrifuged and analyzed 

using Agilent Chemstation on a Waters Acquity UPLC-SQ with a sample manager holding up to 

8 well plates, binary pumps, a photodiode array module, and a single quadrupole detector (ESI). 
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MeO

MeO OH

OOH

3.6

dimers/oligomers

catalyst  (10 mol%)
oxidant  (1.7 equiv)

2,6-di-tert-butyl-pyridine (1.2 equiv)
solvent  (6 mM), blue LEDs, 20 h
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)

starting material dimers and oligomers

Total Absorbance Chromatogram

Entry Solvent Catalyst Oxidant 
1 MeCN MesAcr+BF4- Na2S2O8 
2 MeCN MesAcr+BF4- (NH4)2S2O8 
3 MeCN MesAcr+BF4- K2S2O8 
4 HFIP MesAcr+BF4- Na2S2O8 
5 HFIP MesAcr+BF4- (NH4)2S2O8 
6 HFIP MesAcr+BF4- K2S2O8 
7 HFIP 4CzIPN Na2S2O8 
8 HFIP 4CzIPN (NH4)2S2O8 
9 HFIP 4CzIPN K2S2O8 
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Cr-Salen-Cy HTE Screening Results 

Procedure for Cr-Salen-Cy High Throughput Experimentation (HTE): A solution of 3.6 (1.0 

or 2.0 µmol, 50 or 100 µL, 0.02 M) in 1,2-DCE/MeOH (2:1) was dosed into the 24-well plate 

reactor vials. The plate was concentrated to remove solvent. Solutions of Cr-Salen-Cy (0.06–0.5 

µmol, 10–80 µL, 6 mM), TEMPO (0.06–0.2 µmol, 25–100 µL, 0.02 M), galvanoxyl (0.5 or 1 

µmol, 50 or 100 µL, 0.01 M), and 2,6-di-tert-butyl-biphenyl (1–5 µmol, 20–80 µL, 0.07 M) in 1,2-

DCE were plated according to the map for the screen. Additional 1,2-DCE was added to bring the 

final volume in each well to 500 µL. The reaction plate was filled with oxygen three times using 

a desiccator fixed with a T-valve. The plate was sealed and stirred at 80 °C for 18 h. After cooling 

to ambient temperature, 25 or 50 µL of a 2.00 mM solution of 4,4’-di-tert-butyl-biphenyl in MeCN 

was added. To a separate 96-well LC block with 1 mL wells was added 200 µL of MeCN and 500 

µL of the reaction mixtures. The mixture was then analyzed using Agilent Chemstation on a 

Waters Acquity UPLC-SQ with a sample manager holding up to 8 well plates, binary pumps, a 

photodiode array module, and a single quadrupole detector (ESI). 
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MeO

MeO OH

OOH

3.6

dimers/oligomers

Cr-Salen-Cy  (6 or 24 mol%)
additive

O2, 1,2-DCE (2 or 4 mM)
80 ¼C, 18 h

OH

MeO

MeO

HO O

myricanone (3.3)

+

Entry Catalyst [3.6] (mM) Additive (equiv) SM/IS PDT/IS 
1 24 mol% 2 – 0.88 0.55 
2 24 mol% 2 TEMPO (0.6) 1.00 0.46 
3 24 mol% 2 TEMPO (1.1) 0.73 0.28 
4 24 mol% 2 Galvanoxyl (0.5) 1.23 0.43 
5 24 mol% 2 2,6-di-tert-butyl-4-methylpyridine (1.3) 0.94 0.44 
6 24 mol% 2 2,6-di-tert-butyl-4-methylpyridine (2.6) 0.97 0.41 
7 24 mol% 4 – 0.55 0.62 
8 24 mol% 4 TEMPO (0.6) 0.48 0.63 
9 24 mol% 4 TEMPO (1.1) 0.38 0.49 
10 24 mol% 4 Galvanoxyl (0.5) 0.76 0.45 
11 24 mol% 4 2,6-di-tert-butyl-4-methylpyridine (1.3) 0.55 0.63 
12 24 mol% 4 2,6-di-tert-butyl-4-methylpyridine (2.6) 0.60 0.65 
13 6 mol% 2 – 4.5 0 
14 6 mol% 2 TEMPO (0.6) 3.9 0 
15 6 mol% 2 TEMPO (1.1) 4.6 0 
16 6 mol% 2 Galvanoxyl (0.5) 4.1 0 
17 6 mol% 2 2,6-di-tert-butyl-4-methylpyridine (1.3) 5.0 0 
18 6 mol% 2 2,6-di-tert-butyl-4-methylpyridine (2.6) 5.3 0 
19 6 mol% 4 – 3.7 0 
20 6 mol% 4 TEMPO (0.6) 4.3 0 
21 6 mol% 4 TEMPO (1.1) 4.0 0 
22 6 mol% 4 Galvanoxyl (0.5) 3.8 0 
23 6 mol% 4 2,6-di-tert-butyl-4-methylpyridine (1.3) 3.7 0 
24 6 mol% 4 2,6-di-tert-butyl-4-methylpyridine (2.6) 4.0 0 
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Scale-Up of Cr-Salen-Cy (from Scheme 3.11): 

 

To a 100 mL round-bottom flask with stir bar was added 3.6 (104 mg, 0.290 mmol, 1.00 equiv), 

Cr-Salen-Cy (51 mg, 0.081 mmol, 30 mol%), and 1,2-DCE (25 mL, 8 mM). Oxygen was added 

via active purge. The stirred reaction was heated to 50 ºC for 24 h. After cooling to room 

temperature, the mixture was filtered through a silica plug and purified via flash chromatography 

(33% EtOAc:n-hexanes) to give 3.3 (4.6 mg, 0.013 mmol) as an orange solid in 5% yield. 

 

Cr-Salen-Cy Oxidation Test of Acerogenin G (from Scheme 3.12): 

 

To a microwave vial with stir bar was added 3.1 (10 mg, 1 equiv), Cr-Salen-Cy (6 mg, 30 mol%), 

and 1,2-DCE (4 mL, 8 mM). Oxygen was added via active purge. The reaction mixture was heated 

to 50 °C using an aluminum heating block and stirred. After 24 h, the mixture was cooled to room 

temperature and filtered. An 1H NMR spectrum and LC-MS was obtained. 

 

 

OH

OMe

OMe

OHO

OH

OMe

OMe

OHO1,2-DCE (8 mM), O2
50 ¼C, 24 h

5%

Cr-Salen-Cy (30 mol%)

3.6 3.3

3.4

OH

OHO

OH

OHO1,2-DCE (8 mM), O2
50 ûC, 16 h

Cr-Salen-Cy (30 mol%)

3.1
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Silyl Tethers (from Scheme 3.14): 

 

Condition A: To a microwave vial containing a solution of iPr2SiCl2 (6 µL, 0.03 mmol, 1 equiv) 

in DMF (1 mL) was added a solution of 3.1 (9 mg, 0.03 mmol, 1 equiv) and Et3N (8 µL, 0.06 

mmol, 2 equiv) in DMF (1 mL). The solution was stirred at room temperature for 10 min, then 

heated to 60 ºC on an aluminum heating block. After 5 h, the mixture was cooled to room 

temperature and an LC-MS was obtained. 

Condition B: To a microwave vial containing 3.1 (9 mg, 0.03 mmol, 1 equiv) and iPr2SiCl2 (6 µL, 

0.03 mmol, 1 equiv) in DMF (0.6 mL, 0.05 M) was added K2CO3 (15 mg, 0.11 mmol, 3.4 equiv). 

The mixture was stirred at room temperature for 30 min, then heated to 100 ºC on an aluminum 

heating block. After 18 h, the reaction mixture was poured into H2O (1.2 mL) and extracted with 

Et2O (5 mL). The combined organic layers were concentrated, and an LC-MS and 1H NMR 

spectrum was obtained. 

 

 

 

 

O

OO
3.1 Si

conditions A or B

none detected

Conditions:
A) iPr2SiCl2 (1 equiv), Et3N (2 equiv), 60 ¼C, 5 h
B) iPr2SiCl2 (1 equiv), K2CO3 (3 equiv), rt to 100 ¼C, overnight
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Boron Tethers (from Scheme 3.15): 

 

Condition A: To a microwave vial was added 3.1 (14.5 mg, 0.049 mmol, 1 equiv), solvent (HFIP, 

1 mL, 0.05 M), DIPEA (9 µL, 0.05 mmol, 1 equiv), B(OiPr)3 (12 µL, 0.052 mmol, 1.1 equiv), and 

TiO2 (19.6 mg, 0.245 mmol, 5 equiv). The mixture was irradiated with 427 nm light and stirred. 

After 5 h, an LC-MS was obtained. 

Condition B: To a microwave vial was added 3.1 (15.4 mg, 0.052 mmol, 1 equiv), solvent (MeCN, 

1 mL, 0.05 M), DIPEA (9 µL, 0.05 mmol, 1 equiv), B(OiPr)3 (13 µL, 0.057 mmol, 1.1 equiv), and 

TiO2 (20.6 mg, 0.258 mmol, 5 equiv). The mixture was stirred for several minutes, and additional 

DIPEA (9 µL, 0.05 mmol, 1 equiv) was added. The mixture was irradiated with 427 nm light and 

stirred. After 5 h, an LC-MS was obtained. 

 

Tetracopper cluster oxidation test (from Figure 3.3): 

 

To a vial containing a solution of 3.1 (25.3 mg, 0.085 mmol, 1 equiv) in HFIP (8.4 mL, 10 mM) 

was added tmedaCu2OTf (50 mg, 0.064 mmol, 0.8 equiv). The mixture was stirred at room 

temperature. After 10 minutes, TMEDA (5 µL, 0.03 mmol, 0.4 equiv) was added. After 18 h, the 

OH

OHO
3.1

3.4
not detected

TiO2 (5 equiv), B(OiPr)3 (1.1 equiv)
DIPEA (x equiv ), 427 nm light

solvent  (0.05 M), air

Conditions:
A) 1 equiv DIPEA, HFIP
B) 2 equiv DIPEA, MeCN

tmedaCu2
OTf (0.8 equiv)

TMEDA (0.4 equiv)

HFIP (0.01 M), air, rt, 21 h

OH

OHO

OH

OHO

3.1 3.4
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mixture was diluted with Et2O and EtOAc, washed with Na2HCO3, dried with Na2SO4, filtered, 

and concentrated. An LC-MS was obtained. 

 

General Procedure for 1H-NMR inclusion experiments for cyclodextrins (from Figure 3.5): 

To an NMR tube was added cyclodextrin stock solution (500 µL, 4 mM in D2O) and 3.1 stock 

solution (10 µL, 100 mM in DMSO-d6). After sonicating the NMR tube for 1 h, an addition 10 

µL of 3.1 stock solution was added. After sonicating the NMR tube for an additional 5 min, an 1H-

NMR spectrum was obtained. 

 

Screening of oxidants with cyclodextrins (from Table 3.2):  

 

To a vial was added a solution of 3.1 (0.01 mmol, 1 equiv) and cyclodextrin (0.01 mmol, 1 equiv) 

in H2O (1000 µL). The mixture was sparged with Ar for 15 min. After stirring for an additional 45 

min, oxidant (2 equiv) and additive (0 or 2 equiv) were added. The reaction mixture was stirred at 

the indicated temperature (room temperature or 50 ºC). After 16 h, an LC-MS was obtained. 

 

 

 

 

Conditions:
A) FeCl3á6H2O (2 equiv), H2O2 (2 equiv)
B) K3[Fe(CN)6] (2 equiv), NaOH (2 equiv)
C) CAN (2 equiv)

conditions

cyclodextrin (1 equiv)
H2O (10 mM), rt or 50 ¡C, 16 h

0.01 mmol scale

OH

OHO

OH

OHO

3.1 3.4
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Control oxidations (see Table 3.3): 

   

To a vial containing 3.1 (5 mg, 0.02 mmol, 1 equiv) was added solvent (2 mL). The solution was 

sparged with Ar, then K3[Fe(CN)6] (13mg, 0.04 mmol, 2 equiv) and base was added. The reaction 

mixture was stirred at the indicated temperature. After 16 h, an LC-MS was obtained. 

 

Ti-catalyzed intermolecular couplings (see Table 3.5):  

 

To a microwave vial containing a solution of 3.23 (12 mg, 0.10 mmol, 2 equiv) and 4,4’-di-tert-

butyl-biphenyl (5 mg, 0.02 mmol, 0.4 equiv) in HFIP (1 mL, 0.1 M) was added Ti cat (0.015 mmol, 

0.3 equiv) under air. The stirring reaction mixture was irradiated with 427 nm light. After 16 h, an 

LC-MS was obtained. 

 

 

 

 

K3[Fe(CN)6] (2 equiv)OH

OHO

OH

OHO

3.1 3.4

base, solvent, temp

MUV-10(Mn)
MUV-10(Ca) 
MUV-101(Fe)

TiO2

Ti cat
Me

Me

OH
Me

Me

OH

HO

Me

Me

Ti cat (0.3 equiv)
4,4Õ-di-tert-butyl-biphenyl (0.4 equiv)

427 nm light, HFIP, air, 16 h

3.23
3.24
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Procedure for acerogenin G Ti-cat couplings (from Scheme 3.17):  

 

To a microwave vial containing a solution of 3.1 (15 mg, 0.05 mmol, 1 equiv) in HFIP (1 mL, 0.05 

M) was added Ti cat (TiO2 or MUV-(101)Fe, 1 equiv). The stirring reaction mixture was irradiated 

with 427 nm light. After 28 h, an LC-MS was obtained.   

 

Procedure for intramolecular Ti-cat couplings (from Table 3.6):  

 

To a microwave vial containing a solution of 3.25 (0.05 mmol, 1 equiv) and 4,4’-di-tert-butyl-

biphenyl (13 µmol, 0.3 equiv) in HFIP (2 mL, 0.025 M) was added Ti cat. The reaction was stirred 

open to air for 5 min, sealed with crimp cap, and irradiated with 427 nm light. After 16 h, an LC-

MS spectrum was obtained. 

 

 

 

 

 

TiO2 or MUV-101(Fe) (1 equiv)OH

OHO

OH

OHO

3.1 3.4
not detected

427 nm light, HFIP, air, 28 h

HO

OH

O

HO

Me

Me
HFIP (0.025 M), air, 16 h, rt

3.25

3.26

Ti cat (x equiv)
4,4Õ-di-tert-butyl-biphenyl (0.3 equiv)

MUV-10(Mn)
MUV-10(Ca) 

MUV-101(Fe)
TiO2

Ti cat

(0.2 equiv)
(0.2 equiv)
(0.2 equiv)
(1 equiv)
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Procedure for ZnSF-ext-M coupling (from Scheme 3.19):  

 

To a microwave vial with stir bar was added 3.1 (15 mg, 0.05 mmol, 1 equiv), ZnSF-ext-M (0.015 

mmol, 30 mol%), and 1,2-DCE (1 mL, 0.05 mM). Oxygen was added via active purge. The stirring 

reaction mixture was heated to 50 ºC on an aluminum heating block. The reaction was monitored 

by LC-MS for 2 d. 

 

 

 

 

 

 

 

 

 

 

ZnSF-ext-M (30 mol%)OH

OHO

OH

OHO

3.1 3.4
not detected

1,2-DCE, 50 ¼C

(M = V, Cr)
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NMR Spectra 

Figure S 3.1 1H-NMR (600 MHz, CDCl3) spectrum for 3.16 

 

 

Figure S 3.2 13C{1H}-NMR spectrum (101 MHz, CDCl3) for 3.16  
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Figure S 3.3 1H-NMR (600 MHz, CDCl3) spectrum for 3.17 

 

 

Figure S 3.4 13C{1H}-NMR spectrum (101 MHz, CDCl3) for 3.17 
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Figure S 3.5 1H-NMR (600 MHz, CDCl3) spectrum for 3.18 

 

 

Figure S 3.6 13C{1H}-NMR (101 MHz, CDCl3) spectrum for 3.18 
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Figure S 3.7 1H-NMR (400 MHz, CDCl3) spectrum for 3.6 

 

 

Figure S 3.8 13C{1H}-NMR (101 MHz, CDCl3) spectrum for 3.6 
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Computational Details 

All optimizations of intermediates were calculated using restricted HF124/6-31G(d) using an 

ultrafine (99,590) grid with the “opt=noeigen” keyword as implemented in Gaussian 16. 

Frequency calculations, using the same method, were used to obtain thermal corrections (at 298.15 

K; enthalpy and free energy) and to characterize the obtained stationary points as intermediates 

(zero imaginary frequencies). Conformational searches were performed manually for all 

intermediates, and only the lowest energy species were shown and discussed. Single point energy 

calculations using M06125/6-311++G(d,p)126,127 with solvent corrections calculated in implicit 

solvent (water) using the CPCM128 (SCRF) model were also performed on all structures. NMR 

calculations were performed using the single point method. 3-D structures were generated using 

CYLview129 and Chimera.130 

Full Reference of Gaussian 16 Software  

Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. 
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, 
A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, 
A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, 
B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, 
W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. 
Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. 
Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, 
R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, 
M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski 
 
 
Structures: Coordinates and Energies 

Acerogenin G (pre-organized) 
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HF/6-31G(d) 
Zero-point correction=                           0.398091 (Hartree/Particle) 
 Thermal correction to Energy=                    0.417867 
 Thermal correction to Enthalpy=                  0.418811 
 Thermal correction to Gibbs Free Energy=         0.346194 
 Sum of electronic and zero-point Energies=           -956.503120 
 Sum of electronic and thermal Energies=              -956.483343 
 Sum of electronic and thermal Enthalpies=            -956.482399 
 Sum of electronic and thermal Free Energies=         -956.555017 
 
M06/6-311++G(d,p)-CPCM(water)//HF/6-31G(d) 
HF = -962.5413231 
44 
 Energy: -604003.7945610 
C         -3.73038       -1.71369        1.55108 
C         -2.41119       -2.12041        0.91712 
C         -5.34365        0.98833        1.27727 
C         -1.19957       -2.05002        1.85369 
H         -2.24474       -1.52773        0.02184 
H         -1.45330       -2.53184        2.78942 
H         -4.56907        0.98647        2.03677 
H         -2.55285       -3.14498        0.57177 
H         -6.24807        0.63422        1.76636 
H         -0.39679       -2.63030        1.40848 
C         -4.88936       -1.45287        0.60586 
H         -5.80212       -1.73258        1.11969 
H         -4.78784       -2.08698       -0.27072 
C         -4.97553        0.01774        0.15284 
H         -4.03895        0.31983       -0.30674 
H         -5.72973        0.07482       -0.62841 
C         -2.11050        4.41933       -0.80827 
C         -4.37268        3.12435        0.21990 
C         -4.26129        3.41041       -1.13046 
C          0.21320        1.96676        2.55625 
C          0.61123        1.27327        1.42647 
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C          0.15423       -0.01813        1.21799 
C         -0.70334       -0.64150        2.11332 
C         -1.08635        0.07485        3.24463 
H         -5.05731        3.13603       -1.80114 
H          1.27241        1.73463        0.71214 
H          0.48096       -0.54552        0.33749 
H         -1.75263       -0.38015        3.95411 
O          0.61993        3.23348        2.81422 
H          1.18748        3.54706        2.12373 
C         -5.59038        2.42636        0.79253 
H         -5.96905        3.00580        1.63059 
H         -6.38203        2.41982        0.04782 
C         -3.14265        4.05090       -1.64971 
H         -3.08362        4.25976       -2.70519 
C         -0.63592        1.36222        3.47065 
H         -0.93175        1.90775        4.34784 
O         -0.98973        5.04153       -1.25099 
H         -1.05062        5.21073       -2.18060 
C         -2.20076        4.14910        0.55092 
H         -1.39669        4.43844        1.20080 
C         -3.31744        3.51057        1.04710 
H         -3.36847        3.30832        2.10272 
O         -3.86535       -1.63164        2.73540 
 
Acerogenin G (open chain)  

 
HF/6-31G(d) 
Zero-point correction=                           0.397223 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.417521 
 Thermal correction to Enthalpy=                  0.418466 
 Thermal correction to Gibbs Free Energy=         0.341879 
 Sum of electronic and zero-point Energies=           -956.503398 
 Sum of electronic and thermal Energies=              -956.483099 
 Sum of electronic and thermal Enthalpies=            -956.482155 
 Sum of electronic and thermal Free Energies=         -956.558742 
 
M06/6-311++G(d,p)-CPCM(water)//HF/6-31G(d) 
HF = -962.5378759 
44 
 Energy: -604001.6314072 
C         -2.64189       -2.27054        0.41711 
C         -4.28776        1.30063        2.11351 
C         -1.26434       -2.75711        0.87496 
H         -2.54602       -1.51556       -0.36001 
H         -0.73272       -1.93177        1.33635 
H         -3.38850        0.92821        2.59274 
H         -3.19679       -3.08672       -0.04323 
H         -5.08735        1.18056        2.84009 
H         -1.39451       -3.50089        1.65166 
C         -4.79518       -1.03203        1.14180 
H         -5.50553       -1.17219        1.94865 
H         -5.19612       -1.50785        0.25129 
C         -4.60870        0.47279        0.86690 
H         -3.83072        0.61544        0.11912 
H         -5.52594        0.84483        0.41805 
C         -3.31379        5.14825        5.31819 
C         -3.82976        3.63598        3.01671 
C         -2.53448        3.83524        3.46967 
C          1.02857       -4.37429       -2.40468 
C          0.26209       -5.21065       -1.61256 
C         -0.46397       -4.68462       -0.55386 
C         -0.44609       -3.32929       -0.26317 
C          0.33615       -2.50919       -1.07364 
H         -1.70878        3.40521        2.92888 
H          0.23238       -6.26884       -1.81275 
H         -1.04878       -5.35222        0.05560 
H          0.38207       -1.45275       -0.86986 
O          1.76109       -4.82463       -3.45002 
H          1.67358       -5.76324       -3.53885 
C         -4.11461        2.79204        1.79241 
H         -5.01256        3.15984        1.30224 
H         -3.30630        2.91112        1.07500 
C         -2.26970        4.58189        4.60781 
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H         -1.25298        4.72231        4.93537 
C          1.06570       -3.01416       -2.13143 
H          1.66986       -2.37488       -2.74817 
O         -3.12136        5.89013        6.43425 
H         -2.19985        5.94023        6.64586 
C         -4.61832        4.96522        4.88345 
H         -5.42107        5.41289        5.43954 
C         -4.86225        4.21829        3.74764 
H         -5.88004        4.08870        3.42107 
C         -3.49908       -1.71612        1.54072 
O         -3.17217       -1.80826        2.68582 
 
Acerogenin G-product  

 
HF/6-31G(d) 
Zero-point correction=                           0.376414 (Hartree/Particle) 
 Thermal correction to Energy=                    0.394355 
 Thermal correction to Enthalpy=                  0.395300 
 Thermal correction to Gibbs Free Energy=         0.331260 
 Sum of electronic and zero-point Energies=           -955.338620 
 Sum of electronic and thermal Energies=              -955.320679 
 Sum of electronic and thermal Enthalpies=            -955.319734 
 Sum of electronic and thermal Free Energies=         -955.383774 
 
M06/6-311++G(d,p)-CPCM(water)//HF/6-31G(d) 
HF = -961.3290861 
 
42 
 Energy: -603243.1043510 
C         -3.35695       -1.83599        1.95258 
C         -2.43468       -2.62116        1.02138 
C         -5.11606        0.92450        1.79439 
C         -0.92065       -2.52665        1.31379 
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H         -2.64422       -2.34831       -0.00910 
H         -0.77481       -2.53442        2.38797 
H         -4.33230        0.83157        2.53605 
H         -2.75989       -3.65731        1.12211 
H         -6.05435        0.86978        2.34050 
H         -0.44545       -3.42058        0.92306 
C         -4.80524       -1.64208        1.51107 
H         -5.42517       -1.73967        2.39579 
H         -5.07965       -2.43592        0.82247 
C         -5.08017       -0.27961        0.83022 
H         -4.35842       -0.13328        0.03558 
H         -6.04301       -0.35109        0.33175 
C         -1.22422        2.29780        0.67169 
C         -0.84981        3.53552        1.18736 
C         -3.58325        2.84791        1.05926 
C         -2.57974        2.02804        0.57451 
C         -0.34986        1.12232        0.38556 
C          0.63397        1.03092       -0.59529 
C          1.17348       -0.21046       -0.90266 
C          0.70934       -1.36736       -0.28891 
C         -0.26628       -1.30520        0.69312 
C         -0.72235       -0.04401        1.03950 
H         -2.84507        1.08688        0.14441 
H          1.92828       -0.28242       -1.66854 
H          1.11153       -2.31681       -0.59860 
H         -1.44307        0.04085        1.82687 
O          0.99211        2.15169       -1.25768 
H          1.66668        1.95924       -1.89335 
C         -5.00894        2.32172        1.11984 
H         -5.61267        3.02778        1.68070 
H         -5.44444        2.28083        0.12294 
O         -2.98451       -1.42803        3.01199 
O          0.46513        3.81424        1.31358 
H          0.58620        4.66765        1.70504 
C         -3.18120        4.07232        1.56789 
H         -3.90607        4.76378        1.96205 
C         -1.83546        4.42002        1.60334 
H         -1.54682        5.37418        2.01292 
 
Acerogenin G in a-CD 
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HF/6-31G(d) 
Zero-point correction=                           1.535295 (Hartree/Particle) 
 Thermal correction to Energy=                    1.617137 
 Thermal correction to Enthalpy=                  1.618081 
 Thermal correction to Gibbs Free Energy=         1.413123 
 Sum of electronic and zero-point Energies=          -4599.287461 
 Sum of electronic and thermal Energies=             -4599.205619 
 Sum of electronic and thermal Enthalpies=           -4599.204675 
 Sum of electronic and thermal Free Energies=        -4599.409632 
 
M06/6-311++G(d,p)-CPCM(water)//HF/6-31G(d) 
HF = -4626.2835776 
 
170 
 Energy: -2903036.7512106 
O          0.65061        5.15390        3.44049 
O          3.94764        5.22719        1.89411 
O          4.66795        3.54375        3.28554 
O          6.48594        0.70067        1.89458 
O          5.30521       -0.73067        3.24487 
O         -1.26238        5.59763        2.23201 
O         -2.65650        2.44320        3.42370 
O         -3.84713        1.04337        2.04580 
O          3.90311       -3.89108        2.07859 
O          1.97815       -3.46392        3.25674 
O         -1.96634       -1.84688        3.24578 
O         -1.37860       -3.59274        1.86463 
C          5.77203        2.68342        3.11257 
H          6.68300        3.26098        2.98593 
C          5.54621        1.76571        1.90569 
H          4.54697        1.35988        1.97141 
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C          5.88501        1.85326        4.37951 
H          4.91868        1.40536        4.57608 
C          6.90607        0.73517        4.22520 
H          7.88058        1.16955        4.03443 
C          6.53569       -0.11771        3.01642 
H          7.29922       -0.85746        2.82092 
C          5.70503        2.46521        0.56776 
H          5.02966        3.30527        0.51043 
H          6.72377        2.83758        0.47887 
C          4.24577        5.69032        4.20258 
H          4.36280        6.74479        3.98174 
C          4.73276        4.90648        2.98957 
H          5.74533        5.18803        2.73539 
C          1.95795        5.36370        0.65932 
H          0.90267        5.14658        0.64558 
H          2.42774        4.78741       -0.13202 
C          2.55462        4.93780        1.98768 
H          2.41274        3.87485        2.11006 
C          2.77005        5.40277        4.43944 
H          2.65861        4.35739        4.70633 
C          1.94195        5.66232        3.19165 
H          1.90067        6.72703        2.99898 
C         -0.49468        5.93706        3.33805 
H         -0.23534        6.97953        3.22099 
C         -1.33580        5.71516        4.58978 
H         -2.21552        6.34371        4.51146 
C         -2.52277        4.19316        0.85745 
H         -2.84631        3.18010        0.66920 
H         -3.40629        4.81893        0.97635 
C         -1.69891        4.24721        2.13325 
H         -0.84315        3.59679        2.04241 
C         -2.50365        3.84706        3.37564 
H         -3.47842        4.32620        3.36674 
C         -1.77510        4.25795        4.64466 
H         -0.89569        3.63423        4.75109 
C         -3.09202       -0.67493        0.63865 
H         -2.35545       -1.45277        0.50760 
H         -2.95479        0.05679       -0.14954 
C         -2.88407        0.00054        1.98327 
H         -1.88817        0.42582        2.02115 
C         -3.87677        1.81508        3.20113 
H         -4.66230        2.54427        3.05939 
C         -4.18365        0.91297        4.39122 
H         -5.15293        0.45808        4.22260 
C         -3.13319       -0.18622        4.46795 
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H         -2.16880        0.27255        4.65122 
C         -3.06681       -0.96106        3.16462 
H         -3.98450       -1.51946        3.03555 
C         -2.10723       -3.20893        2.98655 
H         -3.13762       -3.45200        2.77449 
C          0.01285       -3.33606        1.88146 
H          0.17316       -2.26950        1.95005 
C         -0.09847       -3.73287        4.35337 
H          0.03607       -2.68776        4.60098 
C          0.53461       -3.83316        0.54474 
H          1.59433       -3.64101        0.46918 
H          0.37304       -4.90726        0.47602 
C          0.68639       -4.01001        3.08274 
H          0.74798       -5.08314        2.92992 
C          3.13676       -4.23143        3.18884 
H          2.89560       -5.27982        3.08367 
C          3.97315       -3.98925        4.44096 
H          4.86124       -4.60581        4.35936 
C          4.40115       -2.52743        4.49158 
H          3.51999       -1.90310        4.58683 
C          5.14097       -2.13362        3.22383 
H          6.11033       -2.62316        3.21963 
C          4.33166       -2.54175        1.98707 
H          3.46623       -1.89953        1.91529 
C          5.12667       -2.45052        0.69703 
H          5.47700       -1.43866        0.55817 
H          5.99194       -3.10767        0.76309 
O          4.99241        5.43844        5.35415 
H          5.23096        4.51640        5.41280 
O          6.23137        2.70843        5.43768 
H          6.52299        2.17326        6.16732 
O          7.02155        0.00798        5.40761 
H          6.32344       -0.64001        5.48866 
O          5.38698        1.61338       -0.49197 
H          6.01057        0.90002       -0.50831 
O          5.25682       -2.30520        5.58260 
H          4.84523       -2.66943        6.35866 
O          3.34007       -4.35380        5.62608 
H          2.39511       -4.22757        5.57587 
O          0.43711       -4.52943        5.37867 
H         -0.15308       -4.49103        6.12336 
O         -2.26582       -3.75247        5.36900 
H         -2.52364       -2.83511        5.43701 
O         -3.42922       -1.08489        5.50652 
H         -3.67466       -0.58101        6.27477 
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O         -4.27029        1.59789        5.60146 
H         -3.61483        2.29104        5.65667 
O         -4.35097       -1.28217        0.54939 
H         -5.01058       -0.60223        0.51614 
O         -0.07693       -3.16775       -0.51873 
H         -1.00889       -3.34117       -0.48702 
O          4.34220       -2.76414       -0.41302 
H          4.05523       -3.66413       -0.33518 
O          2.10611        6.73903        0.43474 
H          3.03186        6.93330        0.37158 
O         -0.68756        6.07035        5.77304 
H          0.25550        5.94499        5.69920 
O         -2.64082        4.04144        5.73097 
H         -2.24819        4.43161        6.50384 
O         -1.77972        4.60059       -0.25349 
H         -1.45926        5.47869       -0.09165 
O          2.26608        6.20535        5.47591 
H          2.87502        6.17040        6.20486 
C         -1.58635       -4.00435        4.17859 
H         -1.72779       -5.05561        3.95582 
C          1.65538        0.44199        2.95216 
C          0.13952        0.70564       -1.41276 
C          1.06438        1.30051        4.07629 
H          2.73021        0.34618        3.07369 
H          1.41741        2.31648        3.96353 
H         -0.48533        1.22656       -0.69577 
H          1.27081       -0.57156        3.00348 
H         -0.15712       -0.34031       -1.40322 
H         -0.01051        1.34603        3.95335 
C          1.90824        0.20898        0.37642 
H          1.51884       -0.80379        0.43254 
H          2.98374        0.11870        0.49973 
C          1.60574        0.81790       -0.99334 
H          1.91429        1.85803       -0.99821 
H          2.22812        0.30572       -1.72128 
C         -4.27372        1.00710       -3.94680 
C         -1.57461        1.20067       -3.22253 
C         -2.06034        0.09765       -3.92008 
C          2.04288       -0.15110        8.03003 
C          2.79365        0.85628        7.45119 
C          2.46805        1.32083        6.18419 
C          1.40464        0.79627        5.46502 
C          0.65604       -0.20770        6.07769 
H         -1.38451       -0.69558       -4.19111 
H          3.62409        1.28791        7.98488 
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H          3.05889        2.11289        5.76070 
H         -0.19518       -0.61867        5.56615 
O          2.30634       -0.64950        9.25937 
H          3.02677       -0.18596        9.66301 
O          0.80400        2.03703        1.42104 
C         -0.12120        1.29137       -2.80694 
H          0.49765        0.77382       -3.53559 
H          0.19199        2.33156       -2.81825 
C         -3.39015       -0.00755       -4.28188 
H         -3.75499       -0.86012       -4.82443 
C          0.96394       -0.68306        7.33717 
H          0.37507       -1.45239        7.80152 
O         -5.56893        0.86670       -4.32354 
H         -6.06669        1.63530       -4.08331 
C         -2.47735        2.20370       -2.89566 
H         -2.14066        3.07063       -2.35441 
C         -3.81568        2.11250       -3.25083 
H         -4.49509        2.90757       -2.99008 
C          1.38405        0.99926        1.56117 
 
Acerogenin G in b-CD 

 
HF/6-31G(d) 
Zero-point correction=                           1.734605 (Hartree/Particle) 
 Thermal correction to Energy=                    1.829378 
 Thermal correction to Enthalpy=                  1.830322 
 Thermal correction to Gibbs Free Energy=         1.593805 
 Sum of electronic and zero-point Energies=          -5356.138322 
 Sum of electronic and thermal Energies=             -5356.043549 
 Sum of electronic and thermal Enthalpies=           -5356.042605 
 Sum of electronic and thermal Free Energies=        -5356.279122 
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M06/6-311++G(d,p)-CPCM(water)//HF/6-31G(d) 
HF = -5387.3414282 
 
170 
 
O          0.65061        5.15390        3.44049 
O          3.94764        5.22719        1.89411 
O          4.66795        3.54375        3.28554 
O          6.48594        0.70067        1.89458 
O          5.30521       -0.73067        3.24487 
O         -1.26238        5.59763        2.23201 
O         -2.65650        2.44320        3.42370 
O         -3.84713        1.04337        2.04580 
O          3.90311       -3.89108        2.07859 
O          1.97815       -3.46392        3.25674 
O         -1.96634       -1.84688        3.24578 
O         -1.37860       -3.59274        1.86463 
C          5.77203        2.68342        3.11257 
H          6.68300        3.26098        2.98593 
C          5.54621        1.76571        1.90569 
H          4.54697        1.35988        1.97141 
C          5.88501        1.85326        4.37951 
H          4.91868        1.40536        4.57608 
C          6.90607        0.73517        4.22520 
H          7.88058        1.16955        4.03443 
C          6.53569       -0.11771        3.01642 
H          7.29922       -0.85746        2.82092 
C          5.70503        2.46521        0.56776 
H          5.02966        3.30527        0.51043 
H          6.72377        2.83758        0.47887 
C          4.24577        5.69032        4.20258 
H          4.36280        6.74479        3.98174 
C          4.73276        4.90648        2.98957 
H          5.74533        5.18803        2.73539 
C          1.95795        5.36370        0.65932 
H          0.90267        5.14658        0.64558 
H          2.42774        4.78741       -0.13202 
C          2.55462        4.93780        1.98768 
H          2.41274        3.87485        2.11006 
C          2.77005        5.40277        4.43944 
H          2.65861        4.35739        4.70633 
C          1.94195        5.66232        3.19165 
H          1.90067        6.72703        2.99898 
C         -0.49468        5.93706        3.33805 
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H         -0.23534        6.97953        3.22099 
C         -1.33580        5.71516        4.58978 
H         -2.21552        6.34371        4.51146 
C         -2.52277        4.19316        0.85745 
H         -2.84631        3.18010        0.66920 
H         -3.40629        4.81893        0.97635 
C         -1.69891        4.24721        2.13325 
H         -0.84315        3.59679        2.04241 
C         -2.50365        3.84706        3.37564 
H         -3.47842        4.32620        3.36674 
C         -1.77510        4.25795        4.64466 
H         -0.89569        3.63423        4.75109 
C         -3.09202       -0.67493        0.63865 
H         -2.35545       -1.45277        0.50760 
H         -2.95479        0.05679       -0.14954 
C         -2.88407        0.00054        1.98327 
H         -1.88817        0.42582        2.02115 
C         -3.87677        1.81508        3.20113 
H         -4.66230        2.54427        3.05939 
C         -4.18365        0.91297        4.39122 
H         -5.15293        0.45808        4.22260 
C         -3.13319       -0.18622        4.46795 
H         -2.16880        0.27255        4.65122 
C         -3.06681       -0.96106        3.16462 
H         -3.98450       -1.51946        3.03555 
C         -2.10723       -3.20893        2.98655 
H         -3.13762       -3.45200        2.77449 
C          0.01285       -3.33606        1.88146 
H          0.17316       -2.26950        1.95005 
C         -0.09847       -3.73287        4.35337 
H          0.03607       -2.68776        4.60098 
C          0.53461       -3.83316        0.54474 
H          1.59433       -3.64101        0.46918 
H          0.37304       -4.90726        0.47602 
C          0.68639       -4.01001        3.08274 
H          0.74798       -5.08314        2.92992 
C          3.13676       -4.23143        3.18884 
H          2.89560       -5.27982        3.08367 
C          3.97315       -3.98925        4.44096 
H          4.86124       -4.60581        4.35936 
C          4.40115       -2.52743        4.49158 
H          3.51999       -1.90310        4.58683 
C          5.14097       -2.13362        3.22383 
H          6.11033       -2.62316        3.21963 
C          4.33166       -2.54175        1.98707 
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H          3.46623       -1.89953        1.91529 
C          5.12667       -2.45052        0.69703 
H          5.47700       -1.43866        0.55817 
H          5.99194       -3.10767        0.76309 
O          4.99241        5.43844        5.35415 
H          5.23096        4.51640        5.41280 
O          6.23137        2.70843        5.43768 
H          6.52299        2.17326        6.16732 
O          7.02155        0.00798        5.40761 
H          6.32344       -0.64001        5.48866 
O          5.38698        1.61338       -0.49197 
H          6.01057        0.90002       -0.50831 
O          5.25682       -2.30520        5.58260 
H          4.84523       -2.66943        6.35866 
O          3.34007       -4.35380        5.62608 
H          2.39511       -4.22757        5.57587 
O          0.43711       -4.52943        5.37867 
H         -0.15308       -4.49103        6.12336 
O         -2.26582       -3.75247        5.36900 
H         -2.52364       -2.83511        5.43701 
O         -3.42922       -1.08489        5.50652 
H         -3.67466       -0.58101        6.27477 
O         -4.27029        1.59789        5.60146 
H         -3.61483        2.29104        5.65667 
O         -4.35097       -1.28217        0.54939 
H         -5.01058       -0.60223        0.51614 
O         -0.07693       -3.16775       -0.51873 
H         -1.00889       -3.34117       -0.48702 
O          4.34220       -2.76414       -0.41302 
H          4.05523       -3.66413       -0.33518 
O          2.10611        6.73903        0.43474 
H          3.03186        6.93330        0.37158 
O         -0.68756        6.07035        5.77304 
H          0.25550        5.94499        5.69920 
O         -2.64082        4.04144        5.73097 
H         -2.24819        4.43161        6.50384 
O         -1.77972        4.60059       -0.25349 
H         -1.45926        5.47869       -0.09165 
O          2.26608        6.20535        5.47591 
H          2.87502        6.17040        6.20486 
C         -1.58635       -4.00435        4.17859 
H         -1.72779       -5.05561        3.95582 
C          1.65538        0.44199        2.95216 
C          0.13952        0.70564       -1.41276 
C          1.06438        1.30051        4.07629 
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H          2.73021        0.34618        3.07369 
H          1.41741        2.31648        3.96353 
H         -0.48533        1.22656       -0.69577 
H          1.27081       -0.57156        3.00348 
H         -0.15712       -0.34031       -1.40322 
H         -0.01051        1.34603        3.95335 
C          1.90824        0.20898        0.37642 
H          1.51884       -0.80379        0.43254 
H          2.98374        0.11870        0.49973 
C          1.60574        0.81790       -0.99334 
H          1.91429        1.85803       -0.99821 
H          2.22812        0.30572       -1.72128 
C         -4.27372        1.00710       -3.94680 
C         -1.57461        1.20067       -3.22253 
C         -2.06034        0.09765       -3.92008 
C          2.04288       -0.15110        8.03003 
C          2.79365        0.85628        7.45119 
C          2.46805        1.32083        6.18419 
C          1.40464        0.79627        5.46502 
C          0.65604       -0.20770        6.07769 
H         -1.38451       -0.69558       -4.19111 
H          3.62409        1.28791        7.98488 
H          3.05889        2.11289        5.76070 
H         -0.19518       -0.61867        5.56615 
O          2.30634       -0.64950        9.25937 
H          3.02677       -0.18596        9.66301 
O          0.80400        2.03703        1.42104 
C         -0.12120        1.29137       -2.80694 
H          0.49765        0.77382       -3.53559 
H          0.19199        2.33156       -2.81825 
C         -3.39015       -0.00755       -4.28188 
H         -3.75499       -0.86012       -4.82443 
C          0.96394       -0.68306        7.33717 
H          0.37507       -1.45239        7.80152 
O         -5.56893        0.86670       -4.32354 
H         -6.06669        1.63530       -4.08331 
C         -2.47735        2.20370       -2.89566 
H         -2.14066        3.07063       -2.35441 
C         -3.81568        2.11250       -3.25083 
H         -4.49509        2.90757       -2.99008 
C          1.38405        0.99926        1.56117 
 
Acerogenin G in g-CD 
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HF/6-31G(d) 
 
Zero-point correction=                           1.911044 (Hartree/Particle) 
 Thermal correction to Energy=                    2.011926 
 Thermal correction to Enthalpy=                  2.012870 
 Thermal correction to Gibbs Free Energy=         1.765426 
 Sum of electronic and zero-point Energies=          -5738.688132 
 Sum of electronic and thermal Energies=             -5738.587250 
 Sum of electronic and thermal Enthalpies=           -5738.586306 
 Sum of electronic and thermal Free Energies=        -5738.833750 
 
M06/6-311++G(d,p)-CPCM(water)//HF/6-31G(d) 
HF = -5772.2808599 
 
193 
 Energy: -3380604.5406488 
C         11.77968       -1.15654        5.53155 
C         13.04878       -0.60023        4.90832 
C         10.90382       -3.56113        8.48582 
C         12.79100        0.36176        3.74495 
H         13.65734       -1.44005        4.57862 
H         12.20655       -0.14835        2.98816 
H         11.33057       -2.96408        9.28979 
H         13.63068       -0.11079        5.68652 
H         11.63168       -4.33389        8.25304 
H         12.17640        1.18343        4.09473 
C         11.96578       -2.04861        6.74660 
H         12.42662       -1.44458        7.52751 
H         12.70093       -2.81234        6.50022 
C         10.67512       -2.68689        7.25233 
H          9.95468       -1.90666        7.47652 
H         10.23879       -3.28410        6.45782 
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C         10.22629       -6.72243       12.45817 
C          9.81972       -5.09854       10.20463 
C         10.33774       -6.38758       10.08460 
C         16.47515        1.84556        2.05509 
C         15.82778        2.56041        3.04709 
C         14.63877        2.08207        3.57849 
C         14.07352        0.89420        3.14147 
C         14.74328        0.19525        2.13924 
H         10.57002       -6.76619        9.10457 
H         16.24187        3.48909        3.40334 
H         14.14602        2.65604        4.34464 
H         14.32685       -0.72591        1.76834 
O         17.63612        2.25868        1.49422 
H         17.91096        3.08430        1.86744 
O         10.69990       -0.90208        5.09103 
C          9.61409       -4.22742        8.98297 
H          9.19955       -4.82715        8.17785 
H          8.87830       -3.45991        9.20772 
C         10.54132       -7.19289       11.18929 
H         10.92386       -8.19247       11.08746 
C         15.92736        0.65514        1.59827 
H         16.43430        0.11184        0.82244 
C          9.51461       -4.64949       11.47967 
H          9.10676       -3.66190       11.61241 
C          9.71331       -5.44450       12.60102 
H          9.45318       -5.07533       13.57757 
O         10.43811       -7.54957       13.50824 
H         10.00890       -7.23802       14.29841 
C         13.42049       -6.78606       17.20843 
H         14.31525       -6.58065       17.77783 
C         12.62581       -7.92757       17.82624 
H         12.40571       -7.65662       18.85230 
C         11.30757       -8.10294       17.07987 
H         11.51103       -8.36951       16.04820 
C         10.52469       -6.79679       17.11210 
H         10.22600       -6.58409       18.12730 
C         11.41475       -5.66854       16.57511 
H         11.58853       -5.83888       15.51982 
C         10.81392       -4.27433       16.71832 
O         13.32946       -9.13265       17.86128 
H         13.99309       -9.15900       17.17884 
O         10.55388       -9.11831       17.68585 
H         11.11770       -9.87340       17.80840 
O          9.38944       -6.90855       16.27706 
O         12.65809       -5.62703       17.24826 
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O         11.72776       -3.30281       16.34520 
H         12.50922       -3.42368       16.87441 
C          8.12750       -6.51097       16.77893 
H          8.26539       -5.68526       17.46041 
C          7.39845       -7.65017       17.49144 
H          6.46033       -7.23995       17.84940 
C          7.08731       -8.76412       16.50213 
H          8.02038       -9.17569       16.12628 
C          6.30659       -8.19009       15.32355 
H          5.30623       -7.94547       15.65825 
C          6.96192       -6.94777       14.72084 
H          7.81455       -7.26925       14.13804 
C          6.01605       -6.15550       13.83176 
H          6.57391       -5.36121       13.34445 
H          5.60349       -6.79899       13.07019 
O          8.09884       -8.05946       18.61827 
H          8.79291       -8.66456       18.37852 
O          6.34240       -9.74817       17.14844 
H          6.26193      -10.50694       16.57857 
O          6.25817       -9.17324       14.30988 
O          7.37613       -6.03000       15.72290 
O          4.93725       -5.63759       14.55605 
H          5.28458       -5.09208       15.24948 
C          5.06569       -9.78566       13.97476 
H          4.30176       -9.56474       14.70576 
C          5.27702      -11.28970       13.86373 
H          4.30863      -11.73827       13.65829 
C          6.20921      -11.61783       12.71157 
H          7.19165      -11.20691       12.92431 
C          5.69043      -10.99269       11.42575 
H          4.77909      -11.49740       11.13049 
C          5.40693       -9.50172       11.62115 
H          6.34932       -8.98332       11.75939 
C          4.65006       -8.87250       10.46348 
H          4.52783       -7.81168       10.66471 
H          5.21205       -8.98229        9.54879 
O          5.77704      -11.77722       15.07727 
H          6.02924      -12.68428       14.94978 
O          6.26829      -13.01310       12.63331 
H          6.68106      -13.27932       11.81583 
O          6.69012      -11.18105       10.44566 
O          4.57832       -9.31553       12.75629 
O          3.40913       -9.48662       10.25810 
H          2.89437       -9.38084       11.04785 
C          6.35423      -11.63672        9.18153 
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H          5.29605      -11.84370        9.12153 
C          7.15975      -12.88555        8.84581 
H          6.77850      -13.27163        7.90427 
C          8.63410      -12.56973        8.65946 
H          9.05127      -12.25048        9.61110 
C          8.80649      -11.43874        7.65618 
H          8.49042      -11.77634        6.67738 
C          7.95311      -10.24114        8.07531 
H          8.31799       -9.85189        9.01958 
C          7.92645       -9.11873        7.05506 
H          7.29936       -8.31848        7.43804 
H          8.92189       -8.72890        6.91686 
O          6.97203      -13.83608        9.85786 
H          7.53116      -14.58004        9.66580 
O          9.23228      -13.75979        8.23639 
H         10.12337      -13.59756        7.93768 
O         10.17628      -11.09463        7.63171 
O          6.60799      -10.66787        8.21428 
O          7.47569       -9.55344        5.80328 
H          6.58301       -9.85998        5.89852 
C         10.85989      -11.02009        6.42737 
H         10.21956      -11.31045        5.60822 
C         12.09990      -11.90389        6.47621 
H         12.55437      -11.87712        5.48973 
C         13.10496      -11.37655        7.48325 
H         12.67576      -11.45288        8.47822 
C         13.41966       -9.91157        7.21783 
H         13.99873       -9.83810        6.30181 
C         12.12889       -9.10123        7.08777 
H         11.64252       -9.05817        8.05489 
C         12.35058       -7.69091        6.56922 
H         12.99011       -7.14300        7.24411 
H         12.83986       -7.74090        5.59866 
O         11.72126      -13.21603        6.78800 
H         12.51191      -13.73240        6.89437 
O         14.23889      -12.18628        7.37447 
H         14.96061      -11.80914        7.87101 
O         14.18266       -9.46124        8.31432 
O         11.26632       -9.71796        6.14939 
O         11.14681       -6.98391        6.47836 
H         10.58820       -7.42326        5.85000 
C         15.33829       -8.71333        8.13288 
H         15.56517       -8.61434        7.08074 
C         16.49583       -9.39300        8.85769 
H         17.40231       -8.84862        8.60773 
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C         16.29066       -9.32482       10.35845 
H         15.41518       -9.91175       10.61980 
C         16.05840       -7.88355       10.78193 
H         16.93384       -7.28798       10.56472 
C         14.87789       -7.30936       10.00267 
H         13.98615       -7.88953       10.21106 
C         14.56873       -5.85091       10.31165 
H         14.00008       -5.45268        9.47913 
H         13.93484       -5.81189       11.18629 
O         16.59988      -10.71860        8.41589 
H         17.27506      -11.14659        8.92911 
O         17.43252       -9.87288       10.95956 
H         17.27263       -9.96156       11.89316 
O         15.80611       -7.88200       12.17359 
O         15.18513       -7.42388        8.61965 
O         15.72488       -5.08602       10.50634 
H         15.66746       -4.67010       11.35725 
C         16.68745       -7.25387       13.02872 
H         17.62151       -7.03636       12.53071 
C         16.91057       -8.13451       14.25581 
H         17.62596       -7.63661       14.90223 
C         15.60156       -8.29621       15.00821 
H         14.89072       -8.80695       14.36828 
C         15.02868       -6.93361       15.37786 
H         15.66816       -6.46119       16.11429 
C         14.94371       -6.05757       14.12528 
H         14.18719       -6.46374       13.46865 
C         14.60440       -4.60437       14.41750 
H         13.68871       -4.54273       14.98078 
O         17.38574       -9.41890       13.91747 
H         18.33144       -9.44191       13.97364 
O         15.78630       -9.02169       16.19452 
H         16.16109       -9.86722       15.97921 
O         13.74225       -7.14031       15.89940 
O         16.19844       -6.02891       13.47409 
O         15.57379       -3.98848       15.19092 
H         16.39907       -4.03725       14.72163 
H          9.97756       -4.16936       16.04026 
O         10.40563       -4.10398       18.03395 
H         10.09565       -3.21403       18.14419 
O         14.46487       -3.97556       13.18329 
H         14.13158       -3.09729       13.31766 
 
 
!
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