Kinetic Study and Development of Ligand-Accelerated Clip Reactions and Synthesis of a
Tetrahydrofuran Analog of FR901464

by
lvanna Pohorilets

BS Chemistry, Syracuse University, 2016

Submitted to the Graduate Faculty of the
Dietrich School of Arts and Sciences in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2021



UNIVERSITY OF PITTSBURGH

DIETRICH SCHOOL OF ARTS AND SCIENCES

This thesis was presented

by

Ivanna Pohorilets

It was defended on
August 25, 2021
and approved by
Paul Floreancig, Professor, Department of Chemistry
Peng Liu, Associate Professor, Department of Chemistry
Lin Zhang, Professor, Department of Pharmacology & Chemical Biology

Committee Chair: Kazunori Koide, Professor, Department of Chemistry



Copyright © by Ivanna Pohorilets

2021



Kinetic Study and Development of Ligand-Accelerated Clip Reactions and Synthesis of a
Tetrahydrofuran Analog of FR901464

Ivanna Pohorilets, PhD

University of Pittsburgh, 2021

Fluorescence has found many uses in the areas of analytical, organic, biological, and
physical chemistry. Herein, fluorescence was used to study the kinetics of Tsuji-Trost reaction
under biologically relevant conditions. The Tsuji-Trost reaction was studied using a fluorogenic
substrate, which allowed for high throughput, accurate data collection and revealed three kinetic
regimes. The turnover limiting step was found to depend on the substrate concentration and
reaction temperature.

Florescence was also used to develop and optimize palladium-catalyzed clip reaction.
Currently, deallylation is deemed to be too slow to be viable uncaging reaction and more rapid,
palladium-catalyzed propargylic C-O or C-N bond cleavage is typically used. These studies avoid
using phosphine ligands, known to accelerate the reaction. Here, new phosphine ligands were
synthesized and tested under biological conditions. This palladium-catalyzed deallylation with
phosphine as an added ligand was found to be 35 times faster than previously reported phosphine-
free palladium-catalyzed depropargylation.

Next, the synthesis of tetrahydrofuran FR901464 analog is discussed. FR901464, a natural
product splicing regulator with low nanomolar activity against various cancer cell lines. FR901464
analogs regulate the alternative splicing of the myeloid cell leukemia 1 pre-mRNA. We describe
the synthesis of the first tetrahydrofuran FR901464 analog. The key step in the synthesis is

electrophilic, N-bromosuccinimide-mediated cyclization. The new analog was shown to inhibit



cancer cell growth with low micromolar potency, indicating the importance of the tetrahydropyran

ring.
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1.0 Kinetics and inverse temperature dependence of a Tsuji—Trost reaction in agueous

buffer

A significant portion of this chapter was published as: Pohorilets, 1.; Tracey, M. P
LeClaire, M. J.; Moore, E. M.; Lu, G,; Liu, P.; Koide, K., ACS Catal. 2019, 9, 11720-11733. In
this work, M. J. LeClaire and M. P. Tracey performed experiments and analysis for Eyring plots
and identified the nucleophile. E. M. Moore and | carried out concentration dependence
experiments and performed data analysis. | performed the competition experiment. Computational
experiments were performed by Dr. G. Lu and Professor P. Liu.

Reprinted (adapted) with permission from ACS Catal. 2019, 9, 11720-11733. Copyright

2019 American Chemical Society.

1.1 Introduction

The Tsuji-Trost reaction is a palladium (Pd)-catalyzed substitution reaction comprising of
an electrophilic allylic group, a leaving group, and a nucleophile. The Smidt group reported the
use of a palladium-catalyzed oxidation of alkenes to carbonyls in 1962.% In 1965, the Tsuji group
published a pioneering report using malonate 1.1 as the nucleophile with bis-allyl palladium
chloride dimer under basic conditions. This initial report required stoichiometric amounts of the
palladium species, which acted as both the palladium source and the electrophilic allylic group

(Scheme 1).?



. Cl_ a
Cra oy o o o o
jj)\/[(j)\ - or \I EtO OEt EtO OEt
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Na, EtOH/DMSO _ _ A

11 1.2 1.3

Scheme 1. Initial report of palladium-mediated allylation by Tsuji.

In 1973, while working on preparing acyclic sesquiterpene homologs, the Trost group
improved on Tsuji’s discovery;® they reported that the reaction was accelerated to a near
instantaneous rate at room temperature in the presence of triphenylphosphine (PhsP) ligand
(Scheme 2). The addition of the ligand not only accelerated the rate of the reaction to minutes, but
also expanded the scope (e.g., methyl(methylsulfonyl)acetate and methyl methylsulfinylacetate
were used). This result motivated subsequent developments of new and improved phosphine
ligands. For example, chiral phosphine ligands were later developed for asymmetric allylic

alkylation, which quickly gained popularity in synthetic chemistry.*
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Scheme 2. Improvement of palladium-mediated alkylation with a phosphine ligand.

The mechanism and kinetics of the Tsuji-Trost reaction has been extensively studied.>’
The accepted mechanism is shown in Scheme 3a. The catalytically active, palladium(0), first
associates with the alkene to give the 16-electron species, Pd-2. The subsequent oxidative addition

of Pd-2 between the allyl group and the leaving group produces an activated n-allyl palladium



complex, Pd-3, which is susceptible to a nucleophilic attack. The nucleophile can attack the carbon
or the metal center (also known as outer sphere and inner sphere, respectively) (Scheme 3b). &°
Soft nucleophiles, with pKa < 20, attack the carbon center directly through the outer sphere. On
the contrary, hard nucleophiles attack the metal center via the inner sphere, and the carbon-carbon
bond formation occurs after reductive elimination to generate Pd-4. Upon allyl dissociation, the
desired product is formed and the active palladium(0) species, Pd-1, is regenerated, closing the

catalytic cycle.
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Scheme 3. Tsuji-Trost reaction mechanism. (a) the catalytic cycle. (b) the mechanisms of nucleophilic attack.

The Tsuji-Trost reaction is a valuable transformation in synthetic chemistry and has been
used as key steps in many total syntheses.* 8 Although PhsP is a common ligand for the Tsuji-Trost
reaction, other ligands with different steric and electronic properties have been developed to tune

the reactivity and selectivity of the reaction.'® For example, in the total synthesis of aeruginosin
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98B, the Trost group utilized a highly diastereoselective palladium-catalyzed intramolecular
asymmetric allylic alkylation (Scheme 4).}' The Trost group tested various enantiopure and
racemic phosphorus ligands to obtain the desired diastereomer 1.9 (Scheme 4). The racemic
mixture of ligand L1 produced 1.9 in highest yield and diastereoselectivity (1.9:1.10 = 11:1). The
synthesis of aeruginosin 98B highlights how careful selection of the phosphine ligand is crucial

for good yields and selectivity.
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Scheme 4. Asymmetric allylic alkylation as a key step in the synthesis of Aeurginosin 98B.
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1.2 Previous kinetic studies of the Tsuji-Trost reaction

Following extensive study, the turnover-limiting step (TLS) for the Tsuji-Trost reaction
has been found to be substrate dependent. In 2008, the Lloyd-Jones group observed

counterintuitive kinetics when studying Tsuji-Trost allylation reaction with acyclic substrates in



the presence of additives (Scheme 5a).1? They reported L,Pd(n?-allyl) complex 1.14 (Scheme 5b)
as the resting state of the catalytic cycle. While studying the trends in electrophilicity and ion-
paring, the Lloyd-Jones group reported a rate equation that is zeroth order with respect to their
electrophile, allyl acetate, and first order with respect to palladium and nucleophile (Equation 1).
The findings indicated that the TLS was the nucleophilic attack on the w-allylpalladium complex
(Pd-3 to Pd-4, Scheme 3). Furthermore, the counterion had a pronounced effect on the rate of the
reaction. In this study, the Lloyd-Jones group assumed a steady-state amount of the electrophilic

n-allylpalladium complex.

(a) (b)
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X = OAc, OBz, 0,COMe tight ion-pair resting state

Scheme 5. Linear substrates studied by Lloyd-Jones and the proposed resting state.

Equation 1. Observed rate reported by Lloyd-Jones and coworkers.

d[1.12]
dt

=k[Pd][Nu]

Shintani, Hayashi, and coworkers established that the oxidative addition was the rate
limiting step for the reaction of a cyclic substrate and a lactone 1.15 (Scheme 6).** The reaction
was shown to be the zeroth order with respect to isocyanate 1.16 and first order with respect to

lactone 1.15 and palladium (Equation 2). They also observed that more electron-rich triaryl



phosphines afforded faster reaction rates, indicating that the rate-limiting step was the oxidative

addition.
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Scheme 6. Kinetic study of palladium-catalyzed allylation by Shintani and Hayashi.

Equation 2. Observed rate reported by Shintani, Hayashi and coworkers.

d[1.17]
dt

= k[1.15][Pd]

It should be noted that kinetic studies discussed by Lloyd-Jones, Shintani and Hayashi, and
others were in organic solvents.*?® However, the Tsuji-Trost reaction is not limited to organic
solvents; the performed reaction is not water-sensitive and can be executed with water as a co-

solvent.}

1.3 Tsuji-Trost reaction under aqueous conditions

Water is deemed to be the “solvent of nature” because all biochemical processes happen in
aqueous environments.!* Water is also a useful solvent for chemical transformations used in
synthetic chemistry; it makes reactions biomimetic and biocompatible.

Water is one of the most polar solvents (dielectric constant of 78.3 at 25 °C) known.*®

Chemically, it is considered amphoteric, as it can promote electrophilic and nucleophilic reactions,
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as well as assist in both, acid and base catalysis. Most importantly, water is compatible with many
organic reactions such as, the Baeyer-Villiger oxidation,*® the Hoffman elimination,'’ the Wolff-
Kishner reduction,®® the Curtius rearrangement,*® Diels-Alder cycloadditions,?® and
organometallic reactions, including those catalyzed by palladium.** Sharpless and coworkers,
coined the term “on water”,?* which refers to transformations in aqueous suspensions and occurs
more quickly than in organic solvents due to the insolubility of the reagents. Resurgence of water
as a solvent for organic reactions took place when Bertozzi coined the concept of bioorthogonal
chemistry.??* The term describes reactions that take place in biologically complex media that
consists of water, while remaining highly chemoselective and biocompatible.

When water is used as the solvent in palladium-catalyzed reactions, unique reactivities are
observed, possibly due to the polarity of water. For example, alcohols, such as 1.19, can be used
as leaving groups (Scheme 7a),% allylic carbonates (1.21) can react in the absence of base (Scheme
7b),?% and allylation of uracils (1.22) and thiouracils turns out to be more selective toward mono-
allylation (Scheme 7¢).?” Although the Tsuji-Trost reaction is synthetically useful and has broad
application, it has limitations.® The modest catalytic efficiency often requires moderate catalyst
loading (5-10 mol %)%, and phosphine-free systems are usually inept.?® Catalyst loading can
potentially be lowered by using water as a co-solvent because the palladium catalyst can be
recycled under reaction conditions.** The catalyst will stay in the aqueous layer, while product and

starting material will remain in the organic layer.
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Scheme 7. Unique reactivity in palladium-catalyzed reactions in water. a) Tsuji-Trost rection with an alcohol.

b) Tsuji-Trost reaction with allylic carbonates. ¢) Tsuji-Trost reaction with allylation of uracils.

Water is also known to assist in the reduction of palladium(ll) to palladium(0) in the
presence of phosphine ligands. In 1992, the Fumiyuki and Verkade groups discovered that the
oxygen atom that transforms phosphine to phosphine oxide during the reduction of palladium(ll)
comes from water (Scheme 8).3%32 In 1999, Grushin reported that bidentate phosphine ligands can
undergo mono-oxidation in the presence of palladium and 1,2-dibromoethane under aqueous
conditions.®® Furthermore, the Verkade group showed that palladium(ll) can be reduced to
palladium(0) under aqueous conditions using strong organic bases in the presence of catalytic
amount of fluoride.>* Schunn reported that potassium metal can also reduce triethylphosphine

palladium complex from palladium(ll) to palladium(0) under aqueous conditions.*®
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Scheme 8. Water mediated reduction of palladium(l1) to palladium(0).

1.4 Bioorthogonal organometallic (BOOM) chemistry

The palladium-catalyzed Tsuji-Trost reaction found its use outside of synthetic organic
chemistry?® 8 in the development of chemosensors,2¢ signal amplification,®*® and BOOM
chemistry.** BOOM chemistry emerged as a viable method to uncage bioactive compounds
inside and outside of live cells.**¢ Tsuji-Trost reactions designed to contain fluorophores as
leaving groups have been extensively used in BOOM chemistry.36: 40

In 2007, the Koide group demonstrated the utility of chemodosimeter allyl Pittsburgh
Green ether (APE) 1.24, based on a 2°,7’-dichlorofluorescein derivative Pittsburgh Green 1.25
(Scheme 9).#” Chemodosimeters are small non-fluorescent molecules that undergo irreversible
reactions with analytes to form fluorescent compounds.*® As we have shown, alkylation of the
phenol moiety of Pittsburgh Green (and similar chemodosimeters) made them essentially non-
fluorescent. However, upon exposure to palladium, an increase in fluorescence can be observed

due to the release of the fluorophore.
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Scheme 9. The first alkene-based chemodosimeter for palladium imaging.

In 2010, Ahn and coworkers reported the first alkyne-based fluorogenic chemodosimeter
1.26 and demonstrated its use in zebrafish for palladium imaging (Scheme 10).° Upon exposure
of 1.26 to nano- to micromolar palladium concentrations, Ahn and coworkers demonstrated that
Propargy! Pittsburgh Green 1.26 was dealkylated, and fluorescence microscopy showed increased

fluorescence inside zebrafish.
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Scheme 10. The first alkyne-based chemodosimeter for palladium imaging.

In 2016, the Lu group synthesized an allyloxycarbonyl (alloc) protected fluorescein 1.27,
which served as a Tsuji-Trost based carbon monoxide probe (Scheme 11).% Its applications were
demonstrated in live cell imaging, which were performed in in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). In 2018, the Lu group
developed probe 1.28 with the ability to monitor exogenous and endogenous carbon monoxide in

nude mice.>! In 2017, Feng and coworkers reported the first bioluminescent probe, allyl-luciferin,

11



to detect carbon monoxide in living cells in phosphate buffered saline (PBS) buffer.>? Furthermore,
5-fluorouracil > gemcitabine,>* and doxorubicin® prodrugs have been developed using fluorescent

precursors to study biological reactivity of the catalytic system.

Oy
CI PdCIZ co O OH  PdCl, CO @ 1
KR oo o
R 12 -

Nonfluorescent Fluorescent Nonfluorescent

Scheme 11. Chemodosimeters for carbon monoxide detection.

In the development of chemosensor for palladium and prodrug uncaging (i.e., clip
chemistry), the concentrations of the substrate have been chosen arbitrarily. This is problematic
because these studies may assume that the kinetic profile of a palladium-catalyzed deallylation
remains the same regardless of substrate concentrations. To better understand the reaction and
guide future optimization, it is imperative to identify a turnover limiting step under specific
reaction conditions. It has been shown that the turnover-limiting step of Tsuji-Trost reaction
changes depending on the substrate structure.'>'® However, it is unclear what influences the
identity of TLS at micromolar substrate concentrations often used in chemosensor development,

signal amplification, and BOOM chemistry.
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1.5 Summary

Identifying the TLS in the Tsuji-Trost reaction under different conditions is necessary for
the development of faster and more controlled reactions. The studies led by Lloyd-Jones, Shintani
and Hayashi, and many others were performed with millimolar (mM) concentrations of substrates
and at a single temperature.'>*® This is acceptable for synthetic chemistry, but not applicable to
biological systems. It is unknown how the TLS depends on substrate concentrations in a
micromolar range or the temperature. Given the applicability of Tsuji-Trost reaction in both
chemosensor development and BOOM chemistry, a study of the reaction mechanism and kinetics

at low substrate concentrations is relevant, especially in aqueous conditions.

1.6 Results and Discussion

1.6.1 Introduction

The Koide group previously reported the palladium-catalyzed deallylation of fluorogenic
chemodosimeter APE (Scheme 12) in 5% DMSO/pH 7 buffer.*” Pittsburgh Green represents
typical leaving groups in Tsuji-Trost reactions because the pKa value of the phenolic hydroxyl
group is 4.27,* reflecting the acidity of carboxylic acids or electron-deficient phenols. As the
Semagina group demonstrated, the use of APE for mechanistic studies can provide new insights
because the reaction can be both continuously and accurately monitored by fluorescence at low

micromolar concentrations.>®
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Scheme 12. Deallylation of nonfluorescent allyl Pittsburgh Green ether to fluorescent Pittsburgh Green.

The reaction proceeded faster when PhsP was replaced with tri(2-furyl)phosphine (TFP)®’
and when the phosphate concentration was increased from 0.05 M to 1.23 M.%® The use of NaBH4
did not have an impact on the conclusion of this research but facilitated kinetic studies; it
eliminated the deactivation of palladium(0) by air oxidation when high throughput experiments
were carried out under an air atmosphere.>® If palladium nanoparticles are formed under the
reaction conditions, it would complicate the interpretation of data. However, because the solvents
in this study are DMSO and water and palladium concentrations are in the 10 nM to 4 uM range,
palladium species are most likely monomeric.%°

Figure 1a shows the consumption of 50 or 25 uM APE over time. Fitting the consumption
of APE to a one-phase decay model revealed that the reaction rapidly slowed as the substrate

concentration approached 4 uM (Table 1). When the reaction started with 5 UM APE, the reaction

14



progressed at a similar rate as when the above reaction slowed after the substrate concentration
reached 4 puM, excluding product inhibition and indicating that the TLS may change at this
concentration (Figure 1b, Table 1). If the TLS remains the same during the course of the reaction,
a single kinetic profile should be observed from 50 to 0 uM. As this was not the case, we turned

to Eyring plots to quantify energetic contributions in the reaction.

Table 1. Calculated plateau of APE from fitting to a one-phase decay as reaction continues indefinitely; data
over time also shown in Figure 1. Conditions: 5, 25, or 50 uM APE, 1 uM Pd(NOs)2, 80 pM TFP, 10 mM

NaBH4, 10% DMSO v/v 1.23 M phosphate pH 7 buffer.
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Figure 1. Consumption of APE as a function of time. Conditions: (a) 25 or 50 uM APE, 1 uM Pd(NOs)2, 80
UM TFP, 10 mM NaBHa4, 10% v/v DMSO/1.23 M phosphate pH 7 buffer, 298 K, n = 3. (b) 5 uM APE, 1 uM
Pd(NOs3)2, 80 uM TFP, 10 MM NaBH4, 10% v/v DMSO/1.23 M phosphate pH 7 buffer, 298 K, n = 3.
Reprinted (adapted) with permission from ACS Catal. 2019, 9, 11720-11733. Copyright 2019 American

Chemical Society.

Preparation of an Eyring plot involves plotting the natural log of the reaction rate constant
against the inverse temperature to afford a line where the slope is —AH¥/R and the y-intercept is
In(ke/T) + AS*R (Figure 2). AH* values are intrinsically independent of the concentrations of
reactants, while AS* values are often dependent. Because it was not possible to measure the
concentrations of reactive species involved in the TLS, we will not discuss experimental AS* values
extensively. We measured the fluorescence stemming from the reaction product (Pittsburgh Green,
Scheme 12) after 30 min, at which point a vast majority of the substrate remained intact. This
choice allowed for high throughput and accurate data collection under analytically and biologically

relevant, highly diluted conditions in a 96-well format.
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Figure 2. Representative Eyring plot. Reprinted (adapted) with permission from ACS Catal. 2019, 9, 11720-

11733. Copyright 2019 American Chemical Society.

16



1.6.2 Initial Investigation with Previously Optimized Conditions: Effect of Substrate

We first wished to establish a benchmark Eyring plot under previously optimized
conditions®® at 293-358 K. With 12.5 uM APE, we uncovered three regimes (Figure 3a). Regime
1, regime 2, and regime 3 showed AH*>0, AH~0, and AH*<0, respectively. The concave-down
shape may indicate two changes in TLS.5%4 These benchmark values for AH* provided a standard

against which we could evaluate effects on the TLS by changing conditions, using the generally

Concentration

accepted mechanism (Scheme 3a).
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Figure 3. (a) Eyring plot under the previously developed reaction conditions with various APE
concentrations. Conditions. (b) Changing regime with reaction progress at a single temperature. Reprinted
(adapted) with permission from ACS Catal. 2019, 9, 11720-11733. Copyright 2019 American Chemical

Society.

We then used APE at 25 and 50 pM concentrations; the APE concentrations had little
impact on AH* in regime 1 (42-55 kJ mol™; Figure 3a) but had notable impact on the inversion
temperature (Tinv). Specifically, when the APE concentration was lower, the Tiny was lower (Figure
3b). This observation can account for the change observed in Figure 1; as the reaction proceeds,
the kinetic profile at a specific reaction temperature shifts from regime 1 to regime 2, finally to
regime 3 (Figure 3b, “specific temperature”). The existence of regime 2 was uncertain at this point,
because this regime might be the transition between regime 1 and regime 3. However, further
studies shown below support the existence of regime 2 as an independent regime.

For regime 1, we propose that the TLS is the oxidative addition (i.e., Pd-2 to Pd-3, Scheme
13) because this step converts the stronger C-O bond to the weaker Pd-O and Pd-C bonds.% For
regime 2, the TLS is entropically controlled; this may be attributed to the nucleophilic attack
toward Pd-3, as will be discussed later. Regime 3 is inversely temperature-dependent (AH*<0),
which is scarce in literature and not well understood.®®"® We propose that the TLS for regime 3 is
the association of the TFP-ligated palladium species to the allyl group (i.e., Pd-1 to Pd-2) as the
coordinatively unsaturated 14-electron species Pd-1 gains electrons to form a more stable 16-
electron species Pd-2. As shown later, increasing palladium concentration eliminates this regime,
supporting the association as the TLS of this regime.

Altogether, the identities of TLSs depend on both the temperatures and the substrate

concentrations, and at elevated temperatures with very low substrate concentrations, the AH* has

18



a negative value. To better understand the contributions of each reaction component on the

kinetics, we began to systematically perturb the benchmark reaction conditions.
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Scheme 13. General catalytic cycle of a Tsuji-Trost reaction with proposed TLSs. Reprinted (adapted) with

permission from ACS Catal. 2019, 9, 11720-11733. Copyright 2019 American Chemical Society.

1.6.3 Effect of Phosphine Concentration

Numerous studies have shown that phosphine structures substantially impact palladium
catalysis;"®8! however, fewer have demonstrated correlations between phosphine concentration
and reaction rate.82-8 We studied the deallylation with 60, 120, and 180 uM TFP; with 12.5 uM
APE (Figure 4a), the results did not differ significantly at the three TFP concentrations. The

correlation between the TFP concentration and deallylation rate showed initial linear relationship

19



at 318 K (regime 1), 339 K (regime 2), and 353 K (regime 3) (Figure 4b). At these three
temperatures, the rate declined with higher concentrations of TFP. This may be because the
equilibrium between less ligated and more highly ligated palladium species shift toward the latter

at higher TFP concentrations.? 8
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Figure 4. (a) Eyring plot with various TFP concentrations. Conditions: 9.4 nM Pd(NOs)z2, 10 mM NaBHg4, 12.5
UM APE, 5% v/v DMSO/1.23 M phosphate pH 7 buffer, 30 min. n = 3. (b) TFP-concentration dependence.
Conditions: 0-140 uM TFP, 9.4 nM Pd(NOs3)2, 10 mM NaBHjs, 12.5 uM APE, 5% v/v DMSO/1.23 M
phosphate pH 7 buffer, 30 min. n = 3. Reprinted (adapted) with permission from ACS Catal. 2019, 9, 11720—

11733. Copyright 2019 American Chemical Society.

1.6.4 Effect of Phosphate lon Concentration

The Baran and Gaunt groups independently reported an unspecified but positive role of
phosphate ions in palladium catalysis.®>®® In more closely related systems, r-allylpalladium-

organic phosphate complexes were reactive intermediates, but the reactions were carried out in
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aprotic solvents (e.g., toluene or THF).87-88 We wondered whether inorganic phosphates, originally
intended to be used as the buffer salts, affect the deallylation kinetics in water. It should be noted
that phosphate ions were not a nucleophile toward an electrophilic allyl species.”® With 12.5 uM
substrate, we were unable to conclude whether and how phosphate ion concentrations influence

the kinetic profile (Figure 5a).
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Figure 5. (a) Eyring plot with various phosphate concentrations. Conditions: 12.5 pM APE, 9.4 nM Pd(NO3).,

120 pM TFP, 10 mM NaBH4, 5% v/v DMSO/0.3, 0.6, or 1.2 M phosphate pH 7 buffer, 293-358 K, n = 4, 30
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min. (b) phosphate concentration dependence. Conditions: 12.5 pM APE, 5 nM Pd(NOs)2, 80 pM TFP, 5%
v/v DMSO/100-1070 mM phosphate pH 7 buffer, n = 3, 30 min. (c) A working hypothesis for the roles of
phosphate ions. Reprinted (adapted) with permission from ACS Catal. 2019, 9, 11720-11733. Copyright 2019

American Chemical Society.

Therefore, we resorted to a slightly different approach; the reaction was monitored at
various phosphate concentrations at three temperatures corresponding to three regimes (Figure
5b). In this experiment, we did not use NaBH4 because it would change the pH at low phosphate
concentrations and because NaBH4 was found to be unnecessary (see the section below). In regime
1 (318 K), the reaction rate was the first order with respect to phosphate. In regimes 2 and 3 (339
and 353 K, respectively), the rates appeared to be nearly second order with respect to phosphate
concentrations. Therefore, in regime 1 where the TLS may be the oxidative addition step, one
molecule of a phosphate ion may be involved in the transition state. In regime 2 or regime 3 where
the TLS may be the nucleophilic attack or palladium-olefin association, two phosphate ions may
be involved.

Crystal structures of palladium(ll)-diphosphate complexes have been previously
reported,®° but palladium(0)-phosphate complexes have not been synthesized. A working
hypothesis is depicted in Figure 5c; in the allyl association step, the palladium species may be
bound to two phosphate ions, which are dissociated as the olefin binds the metal. The rate
acceleration by phosphate ions may be due to the shift in equilibrium between phosphate-bound
palladium as a pre-catalyst and DMSO-bound palladium as a resting state complex toward the
precatalyst. In the oxidative addition step, either H.PO4 or HPO42 may form a hydrogen bond

with the allylic oxygen atom to facilitate the C-O bond cleavage. Hydrogen-bond-driven activation
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of allylic ethers has been previously reported in methanol.®* Their DFT calculations showed that
hydrogen bonding could lower the activation energy by more than 20 kcal mol*.%

In the oxidative addition step, the counteranion may be rapidly exchanged from the
phenolic oxide anion to a phosphate ion (Figure 5¢). Because the nucleophile in the next step is a
neutral species (as discussed in section below), a phosphate ion can lower the transition state
energy by forming an ion pair with the incipient positive charge on the nucleophile. This would
account for the phosphate-mediated acceleration of the deallylation in regime 2.

The palladium-phosphine binding can be reversible; %4 thus, we asked whether phosphate
ions could act as a competitive ligand against TFP toward palladium. As Figure 6 shows, lowering
the phosphate concentration did not change the optimal concentration of TFP, indicating that these

two species are probably not competing as palladium ligands.
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0.0- —*— 500 mM phosphate

0 50 100 150 200
TFP concentration (uM)

Change in Fluorescence Intensity

Figure 6. Effects of DMSO and phosphate ions on TFP-palladium binding. Conditions: 470 nM Pd(NOs)2, 10
mM NaBHj4, 20 uM APE, 5% v/v DMSO/phosphate pH 7 buffer, 298 K, 60 min. Reprinted (adapted) with

permission from ACS Catal. 2019, 9, 11720-11733. Copyright 2019 American Chemical Society.
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1.6.5 Effect of NaBH4 Concentration

The reduction of palladium(ll) with >10 mM NaBHs is not the TLS because the
deallylation rate was independent of NaBH. concentration *® Little was known about the energetic
contributions of NaBH4 below 10 mM. With 12.5 uM APE (Figure 7a), the Eyring plots were
similar in the 0-10 mM NaBHas concentration range. To understand the impact of NaBH4
concentrations, we focused on three temperatures (318, 339, and 353 K) corresponding to regimes
1, 2, and 3. As Figure 7b shows, in regime 1 (318 K), the concentrations of NaBH4 had no impact
on the kinetics of the deallylation reaction. In regimes 2 and 3, higher concentrations of NaBH4
retarded the reaction. Although it is unclear how NaBHa does so, it has become evident that NaBHa
is probably not involved in TLSs in any regimes. The insights from these experiments may be
applicable to synthetic organic chemistry, chemosensing, and bioorthogonal chemistry in which

NaBH4 cannot be used.
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Figure 7. Various NaBHa4 concentrations. (a) Eyring plots. Conditions: 9.4 nM Pd(NOs)z, 120 uM TFP, 0-10

mM NaBHjs, 5% v/iv DMSO/1.2 M phosphate pH 7 buffer, 293-358 K, 30 min, n = 5. (b) NaBHjs-
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concentration-dependence. Conditions: 0-16 mM NaBH4, 12.5 uM APE, 60 pM TFP, 10 nM Pd(NO3)2, 5% v/v

DMSO/1.2 M phosphate pH 7 buffer, 60 min, n = 3. Reprinted (adapted) with permission from ACS Catal.

2019, 9, 11720-11733. Copyright 2019 American Chemical Society.

1.6.6 Effect of Palladium Concentration

Fluorescence was measured at 0-9.4 nM palladium concentrations (Figure 8a). The yields
after 30 min under three regimes were linearly proportional to palladium concentration (i.e., first
order with respect to palladium concentration), indicating that catalytically active palladium
species involved in TLSs are most likely monomeric. However, we acknowledge that the current
high throughput protocol is not compatible with the measurement of product formation with higher

concentrations of palladium; with more palladium, non-linear behavior may be observed.

% yield
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4 6 8

10
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Figure 8. Palladium concentration dependence. Conditions: 0-9.4 nM Pd(NOz3)2,10 mM NaBHa, 12.5 pM APE,
60 pM TFP, 5% v/v DMSO/1.23 M phosphate pH 7 buffer, 30 min, n = 4. Reprinted (adapted) with

permission from ACS Catal. 2019, 9, 11720-11733. Copyright 2019 American Chemical Society.

25



1.6.7 Effect of Substrate Concentration

The rate of the reaction was investigated at different APE concentrations (3—48 uM)
(Figure 9a and Figure 9b). The substrate concentration was linearly correlated with the % vyield
under all regimes, suggesting that all the TLSs involve the substrate in the transition state as the
general catalytic cycle indicates. It is possible that the linearity may be limited to the 3-48 uM
APE range, because Michaelis-Menten kinetics are still plausible at higher concentrations.®

Unfortunately, the APE concentration range could not be broadened under the current conditions

with 5% DMSO due to limited solubility.
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Figure 9. APE concentration dependence. Conditions: 3—48 pM APE, 10 nM Pd(NOs3)2,10 mM NaBHa4, 60 pM
TFP, 5% v/v DMSO/1.23 M phosphate pH 7 buffer, 60 min, n = 4. Reprinted (adapted) with permission from

ACS Catal. 2019, 9, 11720-11733. Copyright 2019 American Chemical Society.
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1.6.8 Effect of DMSO Concentration

DMSO has been used as a co-solvent in aqueous palladium-catalyzed reactions to
solubilize hydrophobic reactants.> % Because DMSO could bind to palladium,®”-%¢ we wondered
whether DMSO could impact the deallylation rate. Figure 10a shows the benchmark Eyring plot
with 12.5 uM APE in 5% DMSO. When 10% DMSO was used instead, regime 2 disappeared. The
arrows indicate that DMSO decelerates and accelerates the deallylation above and below the first
Tinv, respectively.

We titrated DMSO under regime 1 (318K), regime 2 (339K), and regime 3 (353K) with
12.5 uM APE (Figure 10b). Generally, high DMSO concentrations slowed the kinetics of
deallylation under all regimes. Regime 2 was the most sensitive to DMSO concentration, with the
optimal concentration of 2%. The positive correlation with up to 2% DMSO in regime 2 may
require further studies to understand. Nonetheless, these results suggest that regime 2 is probably
not a transition between regimes 1 and 3. Figure 10c summarizes the findings in Figure 10a and
Figure 10b.

If DMSO acts as a ligand in the current system, the optimal concentrations of TFP should
be higher with more DMSO. Indeed, this was the case in regime 1 (Figure 10d), indicating that
DMSO may act as a competitive ligand in the oxidative addition step to reversibly generate a
resting species. The rate of deallylation for regimes 2 and 3 (Figure 10e and Figure 10f) was very
slow with 10% DMSO, making it difficult to determine the optimal TFP concentration. With 5%
DMSO, the rate of the reaction started to decline as TFP concentration reached 200 uM at both
339 and 353 K. No decline in reactivity was observed with 2.5% DMSO at these temperatures. At

this point, the role of DMSO in regimes 2 and 3 is not clear.
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Figure 10. Various DMSO concentrations. (a) 9.4 nM Pd(NOs)2, 12.5 pM APE,120 pM TFP, 10 mM NaBHa,
5% v/v DMSO/1.2 M phosphate pH 7 buffer, 293-358 K, n = 3 or 5. (b) Conditions: 0.75-16% v/v DMSO/1.2
M phosphate pH 7 buffer, 10 mM NaBH4, 12.5 pM APE, 60 pM TFP, 10 nM Pd(NO3)2, 60 min, n = 4. (c)
Summary of the DMSO impact. Effect of DMSO on TFP-palladium binding. (d-f) Conditions: 0-200 pM
TFP, 10 nM Pd(NO3)2, 10 mM NaBHa, 10 uM APE, 2.5-10% v/v DMSO/1.1 M phosphate pH 7 buffer, 30
min. n = 3. Reprinted (adapted) with permission from ACS Catal. 2019, 9, 11720-11733. Copyright 2019

American Chemical Society.

How does the higher concentration of DMSO decelerate the TLS of regime 3 by increasing
the entropic penalty, as indicated by the arrow in Figure 10a? Our working hypothesis is that the
alkene substrate and the catalyst may be more solvated by DMSO, requiring a greater loss of
entropy to associate with each other °91%° Although DMSO accelerates the n'-n2 isomerization in
a phosphine-free system,! it is not clear whether the phosphine-free system is relevant to the
current system. Regardless, this result indicates that a rational approach toward accelerating
bioorthogonal Tsuji-Trost reaction may be to minimize solvation of substrates and catalysts, for
example, by exploiting hydrophobic effects, to facilitate the association of the two species under

highly diluted conditions.

1.6.9 Competition Experiment

If the association of palladium species to the olefin is the slowest step in the catalytic cycle
under regime 3, the presence of an external alkene should compete for the palladium, retarding the
reaction. Based on this hypothesis, competition experiments under regimes 1, 2, and 3 were

performed (Figure 11) with 12.5 uM APE in presence and absence of 12.5 uM phenyl allyl ether.
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No change in fluorescence was observed under regimes 1 and 2 upon addition of the external
alkene. Under regime 3, however, the rate of the reaction decreased by half in presence of the

alkene. These results support our hypothesis that the association is the TLS in regime 3.

Cc—O0uM == 12.5 yM PhOCH2CH=CH2

1.5%x10° 7 Regime 2
-
| | Regime3
1.0x10°5 | T .
Only regime 3

is affected.
5.0x10% { Regime 1 "
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298 K 339K 353K
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Fluorescence Intensity
Ex. 490 nm, Em. 510-570 nm

Figure 11. Competition experiments with APE and external alkene. Conditions: 0 or 12.5 pM pheny] allyl
ether, 12.5 uM APE, 9.4 nM Pd(NO3)2, 120 pM TFP, 10 mM NaBH4, 5 % DMSO/1.23 M phosphate pH 7
buffer, n = 3, 30 min. Reprinted (adapted) with permission from ACS Catal. 2019, 9, 11720-11733. Copyright

2019 American Chemical Society.

1.6.10 Identification of the Nucleophile

To model the reaction with density functional theory (DFT) calculations, we needed to
identify the nucleophile of the reaction. Previous investigations revealed that the phosphate ions
were not the nucleophile.5® Spurred on by this, a reaction mixture was analyzed by LC-MS. A
peak corresponding to P-allylated TFP (Figure 12) was found, indicating that TFP is the primary

nucleophile. This is similar to the precedence in the literature, in which PhsP was allylated under
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Tsuji-Trost reaction conditions.’®? As such, we further investigated TFP as the reaction
nucleophile through decreasing both APE and TFP simultaneously to mimic reaction progress
(Figure 13). The “same excess” models'®3-1% would afford a single line if the TFP is acting as the
nucleophile. In effect, each decreasing concentration of APE was paired with the equally lower
concentration of TFP to mimic the reaction progressing under the assumption that TFP is the only
nucleophile. If TFP is not consumed, the reactions with 60, 50, and 40 uM TFP would show
different rates as indicated by Figure 4b. Further increasing the TFP concentration (120, 110, or

100 uM) at the same APE concentrations afforded the same effect as shown in Figure 4b.

o Pd(0) _ \
Aro/\f + P‘@) — ArOH ;@)
3
3

APE Pittsburgh Green

Figure 12. Formation of P-allyl TFP.

In the same-excess experiments, we found that unlike the kinetic data in Figure 1, the
reaction continued at the same rate instead of slowing down over time (Figure 13). To investigate
this seemingly contradictory result, we prepared an Eyring plot with the increased Pd(NOs3)2
concentrations (3.6 UM instead of 9.4 nM; Figure 14). The higher Pd(NOz3). concentration
eliminated regime 3 at high temperatures, because the 400-fold higher concentration of palladium
would lower the entropic penalty for the alkene association. It is noteworthy that the higher
palladium concentration increased the AH} value from 55+2 to 94+2 kJ mol™? in the 293-326K

range.
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Figure 13. Same excess experiments with TFP. On right, graphs are adjusted to match concentration of APE
at given time points. Reprinted (adapted) with permission from ACS Catal. 2019, 9, 11720-11733. Copyright

2019 American Chemical Society.
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Figure 14. Eyring plot with increased palladium. Conditions: 3.6 uM Pd Pd(NOs)2, 12.5 uM APE, 120 uM
TFP, 10 mM NaBHy3, 5% v/v DMSQ/1.23 M phosphate pH 7 buffer, 295-357 K, 30 min, n = 4 or 5. Reprinted
(adapted) with permission from ACS Catal. 2019, 9, 11720-11733. Copyright 2019 American Chemical

Society.

1.6.11 Density Functional Theory Calculations

DFT calculations were performed to provide further insights into the TLSs of the
palladium-catalyzed deallylation reaction (for previous computational studies of Tsuji-Trost-type
reactions, see the cited references® 106199 The activation enthalpies and entropies of three key
steps of the reaction of allyl phenyl ether with the Pd(TFP). catalyst were calculated using
Gaussian 09.° The calculations were performed using B3LYP/LANL2DZ-6-31G(d) for
geometry optimization and M06/SDD—6-311+G(d,p) for single point energy calculations. Thermal
corrections to the enthalpies and entropies were calculated using the gas-phase harmonic
vibrational frequencies at 298K. Solvation effects were taken into account in the single point

energy calculations using the SMD solvation model*!!* and water as the solvent. A few possible
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nucleophiles were considered in the DFT calculations, including TFP, H2PO4~, and OH". Among
all the nucleophiles considered in the calculations, TFP has the lowest computed activation Gibbs
free energies for the nucleophilic attack of the palladium-allyl intermediate (Figure 15), in
agreement with the aforementioned experiments. The computed gas-phase AS* values are expected
to have large deviations from experimental data,''? though the computed activation enthalpies
(AH?) of the three key steps in the catalytic cycle shed light on the experimentally proposed TLSs

at different temperatures.

TS1 TS2 TS3
AH* = -30.4 kJ/mol AH* = 40.9 kJ/mol AH* = 54.9 kJ/mol

Figure 15. Optimized structures and activation energies of the transition states of allyl association (TS1),
oxidative addition (TS2), and nucleophilic attack (TS3). The computed AH* of TS1, TS2, and TS3 are with
respect to Pd-1, Pd-2, and Pd-3, respectively (see Scheme 3). Reprinted (adapted) with permission from ACS

Catal. 2019, 9, 11720-11733. Copyright 2019 American Chemical Society.

DFT calculations indicated that the allyl association step (TS1) is the most favorable
enthalpically with a negative AH* (=30.4 kJ mol™?), supporting the proposed assignment for the
TLS of regime 3 (Figure 15). Here, the activation enthalpy is calculated with respect to the separate

reactants (the two coordinated Pd(TFP). catalyst, Pd-1, and the allyl phenyl ether). The negative
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activation enthalpy for this step is due to the exothermic formation of a van der Waals complex
prior to the allyl association transition state (TS1) (see below for detailed discussions). The
computed AH* of the oxidative addition step (TS2, 40.9 kJ mol?) is in reasonable agreement with
the experimental value of 552 kJ mol™* measured at 293-326K (regime 1). The nucleophilic attack
of the palladium-allyl complex by TFP (TS3) occurs via the outersphere pathway (Figure 15). The
DFT calculations significantly overestimated the AH* of the nucleophilic attack (54.9 kJ mol™),
compared to the experimental AH* in regime 2 (326-347K). The difference between the
computational and experimental values is possibly due to the challenges of calculating solvation
effects of the cationic palladium-allyl species,*® as the DFT calculations and the experiments were
performed in different media (water vs. phosphate buffer) and the effects of the counter anion were
not considered in the calculations. Taken together, the computational results support the hypothesis
that three different TLSs are operating at different temperatures, although quantitative prediction

of AH* in phosphate buffer solution remains challenging.

1.6.12 Detailed Mechanism of Allyl Association

The computed energy profile of the association of the allyl phenyl ether to the Pd(0)(TFP)2
complex (Pd-1) to form the = complex (Pd-2) is shown in Figure 16. The reaction first forms van
der Waals (vdW) complex Pd-2a, which is 37.0 kJ mol™ more stable than the separate reactants
(Pd-1 and allyl phenyl ether) in terms of enthalpies. Due to entropic effects, this vdW complex is
less stable than the separate reactants in terms of Gibbs free energies. It should be noted that under
the low concentrations in the present experimental study, formation of the vdwW complex is
expected to be even less favorable. Thus, the resting state before the allyl association should be
the separate reactants (Pd-1 and allyl phenyl ether), rather than the vdW complex Pd-2a. From the
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vdW complex, the association of the double bond in the allyl phenyl ether to the palladium to form
the m complex Pd-2 occurs via TS1. The enthalpy of TS1 is 6.6 kJ mol™ higher than that of the
vdW complex and is 30.4 kJ mol? lower than that of the resting state (Pd-1). Thus, the overall

enthalpy of activation of allyl association from Pd-1 to TS1 is negative (AH* = —=30.4 kJ mol™).
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Figure 16. The computed energy profile of the association of the allyl phenyl ether to the (TFP)2Pd(0)
complex (Pd-1) to form the @ complex (Pd-2). Reprinted (adapted) with permission from ACS Catal. 2019, 9,

11720-11733. Copyright 2019 American Chemical Society.
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1.7 Conclusions

The sensitive and high throughput fluorometric method allowed for measuring the
activation enthalpy energies at micromolar concentrations of the substrate. The TLS was found to
depend on the substrate concentration and the temperature (Figure 17a). Three regimes were
observed at low substrate concentration (Figure 17b). The associated TLSs were assigned as the
oxidative addition (regime 1; AH*>0), nucleophilic attack (regime 2; AH* ~0), and association
(regime 3; AH* <0). It is possible that regime 2 is a transition between regime 1 and regime 3,
although our data support the existence of regime 2. The generality of the current findings must be
examined in the future with other substrates and phosphines. Nonetheless, this work may provide
kinetic insights into Tsuji-Trost reactions under biological or analytical conditions. For example,
with a substrate and palladium at low micromolar to nanomolar concentrations, the TLS may be
the association step. More broadly, the trend depicted in Figure 3b indicates that the kinetic profile
can change from regime 1 to regime 2 and even to regime 3 as the substrate is consumed. It also
suggests that the reaction may proceed in different regimes at different temperatures. Thus, a
blueprint for developing a faster allylic C-O bond cleavage may be to determine the regime under

which the reaction operates in order to rationally optimize the reaction conditions accordingly.
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2.0 Development of Ligand-Accelerated Clip Reactions

2.1 Transition-metal-catalyzed bioorthogonal reactions

Transition metal catalysis is widely used in organic synthesis,'*1!° put it lags behind in
chemical biology. This could be due to the notion that metal reagents are deactivated by water, air,
and components in biological media, such as glutathione (GSH), thiol-containing proteins,
nucleobases, etc.!'® Recently, a growing number of transition metal catalysts have been shown to
be compatible with aqueous conditions,*? leading to metal-mediated bioorthogonal reaction
development. This, however, proved to be challenging because reactions must be fast and inert
towards a multitude of competing functionalities.!'® Applying these reactions to the living setting
adds more complexity because the transition metals must be active under dilute conditions, be
nontoxic, and cell-permeable.4? 117-119

The copper (Cu)-catalyzed bioorthogonal ligation, independently discovered by the groups
of Sharpless and Meldal,*?*1?® js a representative transition metal-catalyzed bioorthogonal
reaction.'?* This reaction has not been widely applied in living systems due to the toxicity of copper
ions and has predominately been used to label in the extracellular space. This discovery led to
many attempts to uncover other bioorthogonal transition metal-mediated reactions, which
expanded the toolbox for selective cleavage of covalent bonds, also referred to as clip reactions.?®
In such transformations, a masked group can be converted into active functionality in a presence
of a transition metal catalyst. The catalyst and the protecting group must be orthogonal and inert
to other functional groups present in the reaction media. It holds great potential for many

applications in medicine and chemical biology, including triggered drug release and biomolecule

39



uncaging. However, transitioning this chemistry to living cells has been very difficult due to
intrinsic toxicities associated with these metals and because biomolecules such as thiols and
amines are known to poison transition metal catalysts.''® Nevertheless, transition metals, such as
ruthenium (Ru), platinum (Pt), gold (Au), and palladium have been used for biological
applications. This section will discuss the emergence of transition metal-catalyzed clipping
reactions and how careful ligand fine-tuning can reduce the toxicity and the deactivation of

catalysts,126-128

2.1.1 Ruthenium-catalyzed cleavage reactions

Ruthenium-catalyzed deallylation reactions are one of the most explored metal-catalyzed
clip reaction to date. The Meggers group pioneered this work, producing a variety of ruthenium
complexes that are efficient and stable under biological conditions (presence of water, air, and
thiols) and inside living HeLa cells.*?® Their reported ruthenium complex, [Cp*Ru(cod)-CI] (Cp*
= n°-pentamethylcyclopentadienyl, cod = n*-1,5-cyclooctadiene) 2.2, catalyzed the cleavage of
various allyl carbamates 2.1 to their respective amines 2.3. (Scheme 14). The catalyst was stable
to both water and air at room temperature. However, this method suffered from low efficiency
(turnover number (TON) = 4), long reaction times, and required the addition of toxic thiophenols,
which act as nucleophiles. The addition of an external nucleophile was especially necessary at
room temperature. Additionally, the catalyst was reported to be quickly deactivated (within less
than 30 minutes) in the presence of cell extract and glutathione. Nonetheless, the catalyst was able

to facilitate the reaction in HeLa cells in PBS buffer. This deprotection was found to be quite
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general as it worked for electron-rich or electron-poor substrates and with primary or secondary

amines.
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Scheme 14. Meggers [Cp*Ru(cod)-ClI] ruthenium catalyst.

In 2014, the Meggers group was able to overcome the dependence on thiophenol and
broaden the application.**® Ruthenium half-sandwich complexes that are known to be efficient
Tsuji—Trost catalysts were screened. Kitamura’s type of ruthenium catalysts containing quinoline
ligands, [CpRu(QA)(m3-allyl)]PFs (cp = cyclopentadienyl, QA = 2-quinolinecarboxylate) 2.4,
provided full conversion in 3 hours (Scheme 15). Homologous Cp* and 2-pyridinecarboxylato
(PA) derivatives of 2.4, which were reported to catalyze S-allylation reactions, were also screened,

however, catalyst 2.4 was found to be superior under the reaction conditions.
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Scheme 15. New Meggers’ ruthenium catalysts.

It was postulated that the reduced reactivity of the Cp* complexes was due to steric
hindrance introduced by the five methyl groups.*® It was also hypothesized that fast deactivation
of the catalyst was due to the m-accepting ability of the bidentate ligand. Indeed, catalytic activity
was further improved by reducing the = backbonding of the bidentate ligand. The efficiency of the
reaction was improved by introducing =m-donating substituents, such as methoxy (2.5) or
dimethylamino (2.6) groups onto the quinoline ligand (Scheme 15); (TON of 90, 150, and 270 was
reported for 2.4, 2.5, and 2.6, respectively). The application of this catalytic system was shown via
successful deprotection of a fluorescent probe in HelLa cells. It is not clear if the imaging
experiments were done in PBS buffer or DMEM with FBS.

Furthermore, photoactivatable version [Cp*Ru(n®-pyrene)]PFs] 2.7 was developed, which
enabled spatial and temporal control (Scheme 16).13! These Ru(n®-arene) sandwich complexes are
solvent-coordinated catalysts [Cp*Ru(solvent)s]* capable of catalyzing various transformations.
The pre-catalyst is known to be photochemically labile and can be activated upon irradiation with
A >330 nm for 5 min. This released method still required nucleophilic thiols; a correlation between
the % yield and the nucleophilicity of the thiol was observed. The toxic thiophenol was replaced

with glutathione; the glutathione present in cells was strong enough to promote the turnover in the
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catalytic process eliminating the need for external nucleophile. Zeroth order rate was reported with
respect to glutathione, indicating that it does not diminish the activity of the ruthenium catalyst.
Cell imaging experiments showed that ruthenium sandwich complex was membrane permeable

and could be successfully activated to catalyze deallylation.

[Cp*Ru(n®-pyrene)]PF]

=
|
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Scheme 16. Photoactivatable Meggers catalyst.

The Wender and Waymouth groups reported a biocompatible system using ruthenium
complex 2.5 (Scheme 17).1%2 Here, ruthenium catalyst activated alloc-protected aminoluciferin
(2.8), a bioluminescence pro-probe and released the active luminophore (2.9), aminoluciferin, in
the presence of luciferase-transfected cells. Upon release of the probe, this system provided for
“turn on” bioluminescence, which resulted in better signal-to-background ratios and real-time
evaluation of the catalytic activity. The system allowed for high throughput screening in cells
suspended in PBS buffer. The catalyst lacked cell permeability and resided preferentially on the
4T1 cell membrane or in the extracellular space. Detailed investigation showed that the presence

of thiols was critical for high reactivity and selectivity.
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Scheme 17. Biocompatible ruthenium system.

The Mascarefias group showed that Kitamura’s ruthenium complexes can be engineered to
target certain cellular compartments (Scheme 18).1?” An introduction of triphenylphosphonium
derivative 2.11, which exhibits a single positive charge, resonance-stabilized over three phenyl
groups, and a large hydrophobic surface area, led to accumulation in mitochondria. Accumulation
of these cations was driven by the membrane potential across the mitochondrial inner membrane.
The QC ligand was conjugated to triphenylphosphonium through a relatively hydrophobic alkyl
chain. Modified ruthenium complexes 2.10 and 2.11 were inferior to previously reported
ruthenium catalysts, likely due to sterics and poor solubility. However, these new analogs had
better intracellular retention compared to catalysts described in the section above and were able to
accumulate in mitochondria to facilitate the decaging reaction. It should also be noted that cell
imaging experiments were performed in DMEM with serum. Additionally, 2.11 was the first

reported non-toxic ruthenium complex.
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Scheme 18. Mascarefias' mitochondria specific ruthinium catalysts.

The Volker and Meggers groups further improved upon their ruthenium complex
containing quinoline ligands 2.4-2.6 shown in Scheme 15. It has been previously shown that
higher electron density at the ruthenium center was important for catalytic activity.'?® Since there
was no way to increase electron density at the metal center, new substituents were added to the
quinoline-2-carboxylato ligand 2.12a-d (Scheme 19). The data were analyzed by plotting the
uncaging reaction yield against the Hammett constants. The reactivity-structure analysis revealed
that mildly electronegative ruthenium complex 2.12d (Scheme 19) increased the efficiency of the
reaction. This study shows that the suitable electronic density on the metal center is required for
maximum activity. The new generation ruthenium complex exhibited increased stability and
catalytic potential in blood serum (30% yield). TON of >300 was achieved, with a reaction rate of
580 M1s in phosphate buffer. This study showed that electronic properties must be considered

when designing organometallic catalysts.
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Scheme 19. Serum stable Meggers catalyst.

2.1.2 Platinum-catalyzed cleavage reactions

Platinum has been extensively used for catalysis,** but has not been used much in chemical
biology due to intrinsic toxicity. Cisplatin is used in the clinic to treat cancer.3413® Thus, platinum
might have a lot of potential as a catalyst for clip reactions in the context of cancer treatment
(uncaging of cancer prodrugs). Cisplatin is very reactive (half-life of 30 hours),**"**® accumulates
in tumors, and not present in human biology, making it a good candidate for bioorthogonal
chemistry,139-140

In 2020, Bernardes, Fior, and Oliveira groups developed a depropargylation reaction
(Scheme 20) that used platinum complexes [K2PtCls or cisplatin].}*! During the initial
investigations water was found to be crucial for this transformation. Mechanistic studies suggested
that water activated platinum complex via chloride ligand dissociation. Furthermore, platinum(ll)
was proposed to be the active catalyst. Substoichiometric amounts of platinum lead to slow

reaction times (72 hours) with a TON of 3.3. The reaction time was decreased to 4 hours in the
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presence of 2 equivalents of platinum salt. The rate and the efficiency of the reaction were,
however, hindered with the addition of DMEM and serum. Nonetheless, this methodology was

used to activate the propargylated derivative of 5-fluorouracil in zebrafish.

K,PtClI
o) o o)
N > N
HN N\ cisplatin HN” “NH
—_—
o o
F F
2.13 2.14

Scheme 20. Depropragylation of N-propargyl 5-fluorouracil with cis platinum.

The same year, the Huang group reported platinum(ll)-catalyzed depropargylation of
various caged molecules(Scheme 21a).1*? Screening of numerous platinum complexes indicated
that platinum(ll), not platinum(IV) catalyzed the reaction. As in the previous study, water was

found to be essential for this reaction.
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Scheme 21. Cis platinum depropargylation in cancer cells.

Platinum(IV) complexes are kinetically inert prodrugs™®® that can be converted to active
platinum(Il) upon reduction by high concentrations of cytoplasmic reductants such as ascorbic
acid in cancer cells.***%" NO is a potential cancer therapeutic, as several kinds of NO donors have
been shown to have antiproliferative activity.}**! Thus, a prodrug containing masked
platinum(IV) and O?-propargyl N-methylethanolamine diazeniumdiolate connected by succinic

acid 2.17 was developed (Scheme 21b). The prodrug had no toxicity in normal cells; upon
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platinum(IV) reduction to platinum(ll) in cancer cells, the metal was able to catalyze
depropargylation and subsequent NO release, which led to cancer cell death.

Platinum has also been shown to catalyze deallylation reactions. The Koide group reported
platinum-catalyzed deallylation of the fluorometric probe, APE (Scheme 22).1%? The method was
catalytic in the presence of PPhs,%” but was more responsive to palladium.*’ It was applied to the

detection of platinum in buffers and serum.

o

APE Pittsburgh Green
nonfluorescent green fluorescent
PPhy TFPP
F

219 2.20

Scheme 22. Platinum-catalyzed deallylation developed in the Koide lab.

In 2020, the Koide group reported a platinum-catalyzed deallylation method utilizing
tris(4-fluorophenyl)phosphine (TFPP; Scheme 22).1% This method was specific for platinum over
palladium. Platinum-catalyzed deallylation in the presence of TFPP was more efficient compared

to PPhs. Different oxidation state platinum species were premixed with the ligand and showed the
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same reactivity towards APE, indicating that platinum(0) is likely the active catalyst in this system.
Cisplatin in combination with TFPP was shown to catalyze deallylation in serum and in living

tumor cells.

2.1.3 Gold catalyzed cleavage reactions

Gold is another metal capable of promoting depropargylation that has not been widely
studied. In the past decade, gold catalysis gained a lot of attention in organic synthesis due to its
preference to coordinate to alkynes in the presence of other functional groups.*>4%° The chemistry
of gold in chemical biology is overshadowed by near-covalent S-Au bonding.16-163

Santamaria and Unciti-Broceta hypothesized that synthesizing gold nanoparticles in solid
support would protect the metal nanostructures from thiols while allowing alkynes to enter and
react under biological conditions (Scheme 23a).*%* Gold (l11) species embedded on a TentaGel®
resin removed propargyl group in PBS buffer with and without serum.*® Although low yields were
observed (up to 25% vyield), serum helped to facilitate the reaction. Thiols suppressed the
reactivity, while amines boosted catalytic activity. The gold-nanoparticle was sensitive to
glutathione concentrations. It facilitated the reaction until a saturation threshold was reached and
prevented gold coordination to the alkyne (Scheme 23b). The authors proposed that gold acts as a
n-acid to activate the nucleophilic addition onto the alkyne (Scheme 23c). This led to a release of
the leaving group and the formation of allenyl byproducts that can isomerize or hydrolyze under
the reaction conditions. The gold-nanoparticle was used to decage various prodrugs in cells.

Furthermore, a fluorescent probe was successfully released in the brain of a zebrafish.
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Scheme 23. Gold catalyzed depropargylation.

Gold(I)-catalyzed depropargylation of amides in peptides in PBS buffer was reported by
the Brik group (Scheme 24).1% This method was compatible with secondary and tertiary amides
as well as a carbamate. Site-selective amide bond cleavage was discovered in this study, which
depended on the position of the modified site. The sequence corresponding to XX-Gly led to
depropargylation (Scheme 24a) while switching the sequence to Gly-XX lead to the amide bond

cleavage (Scheme 24b).
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Scheme 24. Gold-catalyzed depropargylation of peptides.

2.1.4 Palladium catalyzed cleavage reactions

Ruthenium-catalyzed clip reactions have been extensively studied and shown to work
under biological conditions. However, palladium might be more attractive because it has been
shown to catalyze a variety of reactions in synthetic organic chemistry in water.'* Sterics and
electronics of palladium complexes can be tuned through ligand modifications. Palladium is less
toxic than some other transition metals;!®” thus, it has the potential to be used in biology and
medicine.*®® Allylic and propargylic palladium-catalyzed C-O or C-N bond cleavage do not require
biologically incompatible reagents. Allylic and propargylic ethers, amines, and carbamates are also
stable under biological conditions. Early studies of palladium-catalyzed decaging suggest that

depropargylation is faster than deallylation. .*>-¢:53 54 However, these studies do not use phosphine
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ligands, which are known to accelerate the rate of Tsuji-Trost reaction in synthetic chemistry.*6®-

170

2.1.4.1 Palladium catalyzed depropargylation

Native chemical ligation is widely used in the synthesis of proteins. It uses N-terminal thiol
modified amino acid (cysteine) from one peptide and C-terminal thioester from another peptide,
which reacts to form an amide bond."* The key for this approach is to use protecting groups for
the N-terminal cysteine in the middle fragments, due to two reactive groups, N-terminal cysteine
and C-terminal thioester.>’?1”® Current protecting groups suffer from the use of harsh removal
conditions,*’ the need for peptide isolation prior to deprotection,*” or special preparations.'’
Furthermore, many deprotections suffer from long and non-efficient reactions. The Brik group
used [Pd(allyl)Cl] for rapid removal of the propargyloxycarbonyl-protecting group from the N-
terminal cysteine 2.28 (Scheme 25).17" Although successful, this method required 40 equivalents
of palladium and the addition of 1,4-dithiothreitol to quench the palladium species and to release

any palladium bound to the peptide.

o SH IID'eptt'ide o Deprotection
igation I pepti with Pd |
. _-Peptide 2 _Peptide 2
/OJLH/(’(Peptlde 1 —>/\o H —— > H,N
(o)
2.28 2.29 2.30

Scheme 25. Palladium -catalyzed deprotection of cysteines.

Clip reactions can also be used as a tool for cell surface engineering. Neuramic acid 2.32

(Scheme 26) is rarely found in nature, however, there is some evidence supporting its presence in
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nerve cells and cancer cells. How neuramic acid is installed into glycans and its exact functions
remain unknown due to its high reactivity in vivo. The Chen group reported a palladium-catalyzed
decaging strategy for the in-situ generation of neuramic acid 2.32 on live cells in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPS) buffer (Scheme 26).%® This conversion
mimicked the enzymatic de-N-acetylation of N-acetylneuramic acid. This was the first example of

the formation of the core nine-carbon atom sugar on the surface of live cells.

OH oy OH oH
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2.31 2.32

Scheme 26. Palladium-catalyzed generation of neuramic acid.

Palladium-catalyzed depropargylation for protein activation in live cells was also
developed by the Chen group (Scheme 27).1’® Biocompatible palladium catalysts, Pd(dba). and
allyloPd>Cly, successfully cleaved the N-propargyl carbamate of lysine 2.33 in various cell lines
and proteins. In this study, the authors noted that the addition of phosphine ligand, 3,3’,3"-
phosphanetriyltris(benzenesulfonic acid) trisodium salt (TPPTS) 2.35 to Pd(NOs). species
increased the efficiency of deallylation, but not depropargylation. Phosphine ligands are known to
increase the rate of deallylation in organic synthesis but are rarely used in biology to avoid possible

toxicity, 169170
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Scheme 27. Palladium-catalyzed depropargylation for the protein activation.

In the last decade, palladium catalyzed clip reactions also found its use in prodrug
development.*® Prodrugs — molecules with little or no pharmacological activity have been used to
mediate the toxicity of active drugs. Tsuji-Trost reactions with drugs as the leaving group proved
to be useful in prodrug synthesis.

In 2014, Unciti-Broceta, Bradley, and coworkers described the palladium-catalyzed
dealkylation of 5-fluoro-1-propargyl-uracil 2.36 to generate the anti-cancer agent 5-fluorouracil
2.37 (Scheme 28).%3 Allyl, propargyl, and benzyl groups were introduced to mask the active N1
position, affording inactive 2.36a—c. Upon uncaging of the prodrug, 5-fluorouracil 2.37 was
released without any loss of its anti-cancer activity, leading to a disruption of normal cellular

functions.
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Scheme 28. Palladium-catalyzed dealkylation of 5-fluoro-uracil pro-drugs.

In the same year, Unciti-Broceta, Bradley, and coworkers developed gemcitabine prodrugs
2.38 with a protected 5°-OH or amine groups (Scheme 29).%* The unmasked drug was shown to be
cytotoxic, Killing not only cancer cells but healthy cells as well. With controlled delivery of
palladium nanoparticles to tumor sites, the prodrug could be selectively uncaged in cancer cells to

produce active 2.39, lowering the possibility of off-target effects.
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Scheme 29. Activation of gemcitabine prodrugs by palladium catalysis.

Unciti-Broceta, Weiss, and coworkers applied the same strategy to the anticancer drug
floxuridine 2.41, a potent antineoplastic drug used to treat advanced solid tumors (Scheme 30).17°

Cytotoxicity was significantly reduced with the installation of the propargyl group in the N3
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position of the uracil ring, which serves as the enzymatic point of recognition. Cytotoxic properties
were rescued in cancer cell culture in the presence of palladium at low pH and under both,

normoxic and hypoxic conditions.
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Scheme 30. Palladium-catalyzed decaging of floxuridine.

In 2018, the groups of Leung and Unciti-Broceta demonstrated that palladium devices were
able to uncage doxorubicin prodrugs 2.42a—d inside the zebrafish with no adverse effects (Scheme
31).18% The devices were made of a copolymer consisting of a low crosslinked polystyrene matrix
on which polyethylene glycol was grafted. Palladium devices were injected directly into tumors to
promote controlled dealkylation of prodrugs and subsequent doxorubicin release. The prodrugs

had no activity and did not accumulate across the body in the absence of palladium.
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Scheme 31. De-caging of doxorubicin prodrugs with a palladium-devices.

2.1.4.2 Palladium catalyzed deallylation

In 2011, the first palladium-mediated deallylation in cells was reported by Bradley and
coworkers (Scheme 32).*° Upon trapping of palladium nanoparticles within polystyrene
microspheres, the palladium-loaded complex was able to enter the cell and catalyze the cleavage

of allyl carbamate groups in chemodosimeter 2.44 to produce rhodamine 110 dye 2.45.
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Scheme 32. Rhodamine-based chemodosimeter used in intracellular palladium-catalyzed deallylation.
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In 2018, the Mascarenas group designed another rhodamine probe that could react
intracellularly (Scheme 33).18" While testing for palladium sources other than palladium(0)
nanoparticles for cleavage, they discovered a palladium-complex 2.48 that favored accumulation
in the mitochondria. The ligand L2 is the key to the observed cellular localization. The pyrene and
phosphonium groups are speculated to have the desirable combination of charge and
hydrophobicity for mitochondrial localization. The combination of L2 and palladium-complex
2.48 can therefore be used to selectively image mitochondria in live cells suspended in DMEM

with 5% FBS.
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Scheme 33. Alkene-based probe for mitochondria imaging.

In 2017, the Weissleder group described a palladium nanoparticle containing PdCI>(TFP).
in a biocompatible poly(lactic-co-glycolic acid)-b-polyethyleneglycol platform.®® While screening
for phosphine ligands, they observed the superior rate of dealkylation in the presence of TFP in

phosphate buffer. However, all palladium-phosphine complexes failed to catalyze the deallylation
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in Minimum Essential Medium with serum. The Weissleder group demonstrated the utility of
combining palladium nanoparticles and TFP by successfully uncaging alloc-modified doxorubicin

2.49 in cells at rates superior to those with PhzP (Scheme 34) in MEM with serum.

Scheme 34. De-caging of allyloxycarbonyl modified doxorubicin.

Palladium-catalyzed uncaging is often used in amino acid and peptide synthesis.'®?
Depropargylation, although useful, is not very efficient. The Okamoto laboratory reported the first
one-pot multiple peptide ligation, which used palladium(0)/TPPTS complex to uncage alloc
protected cystine 2.52 (Scheme 35).%% The addition of the phosphine allowed for a reduction of
palladium from 15-40 equivalents’” to only 2 equivalents in water. In this study, 4-
mercaptophenylacetic acid was used as a nucleophile and to quench the palladium complex after

alloc deprotection.
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Scheme 35. Palladium-catalyzed deprotection in peptide synthesis.

2.1.5 Conclusion

Transition metal-catalyzed bioorthogonal reactions are very useful in peptide synthesis and
prodrug development. Gold- and platinum-catalyzed alloc/allyl and propargyloxycarbonyl
deprotections (Figure 18a—b) have been overlooked by the field, while ruthenium- and palladium-
catalyzed reactions have been extensively investigated (Figure 18c—d). Palladium-catalyzed
uncaging reactions may be more attractive because palladium salts are less toxic. Currently,
deallylation is deemed to be too slow to be viable as a clip reaction and more rapid, palladium-
catalyzed propargylic C-O or C-N bond cleavage is typically used. It should be noted that
phosphine ligands are usually omitted in these studies. Additionally, palladium-catalyzed
depropargylation required 3—24 h under biologically relevant conditions,>® 1’8 warranting further

improvement on the kinetics. The studies published by the Weissleder,>® Mascarenas, 8! and
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Okamoto?8?

groups showed that the addition of phosphines increases the rate of deallylation;
furthermore, careful engineering of the ligand can allow subcellular targeting and efficient
catalysis. Additionally, these clip reactions (Figure 18) are typically optimized in phosphate buffer

or water, however, DMEM and serum would be more applicable for biological studies.
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Figure 18. Summary of clip reaction discussed in this section.
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2.2 Results and discussion

Fluorometric systems can provide opportunities for enabling rapid development of
catalysis-based methods. To exploit fluorescence-based techniques, we chose to use resorufin
propargyl ether (RPE) and resorufin allyl ether (RAE) (Scheme 36). Cleavage of the propargyl or
allyl ethers is fluorogenic, producing fluorescent resorufin. In the previous study, the palladium-

catalyzed deallylation of APE in pH 7 phosphate buffer was the fastest with TFP as the ligand.®’

) ©:N:© @ E:[“Ij
2.53 NS ~N
hosphi ~
RO o (o) phosphine o o o

lﬂ 255
:; allyl resorufin ether (RAE) fi
~ propargyl resorufin ether (RPE) resorutin
2.54 nonfluorescent magenta fluorescent

Scheme 36. RAE and RPE decaging.

We also studied the deallylation of RAE in pH 7 phosphate buffer (Figure 19); the
deallylation did not proceed without a phosphine ligand. In contrast, the depropargylation of RPE

proceeded without the phosphine ligand (Figure 19), and was faster with TFP.
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Figure 19. The rate of deallylation and depropargylation in phosphate buffer. Conditions: 0 or 40 pM TFP,

20 pM RAE or RPE, 10 pM Pd(OAc)2, 1 % DMSO 50 mM phosphate pH 7 buffer, 25 °C, n = 3.

The rate of the reaction with RAE decreased when the medium was switched to DMEM
(Figure 20a). No depropargylation of RPE was observed in DMEM. The rate of deallylation was
decelerated by the addition of fetal bovine serum (FBS) to DMEM (final concentration of FBS
was 10% v/v) (Figure 20b). DMEM and serum contain many components, such as thiols, that can
bind to transition metals and deactivate the active catalyst.'*® We premixed Pd(OAc); and TFP in
14% v/v DMSO in H20 prior to introducing Pd(OAc). to DMEM with 10 % serum to no avail as

precipitate formed even at 1:6 v/iv DMSO:H>0 mixture.
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Figure 20. The influence of DMEM and serum on the rate of deallylation and depropargylation. (a)
Dealylation and depropargylation with and without serum. Conditions: 0 or 40 pM TFP, 20 uM RAE or
RPE, 10 uM Pd(OAc)2, 1 % DMSO/25 mM phosphate pH 7 buffer/ DMEM with 0 or 10 % FBS, 37 °C, 1 h, n
= 3. (b) The rate of deallylation at different serum concentrations. Conditions: 40 pM TFP or TFP-(CH20H);s,
20 pM RAE, 10 pM Pd, 1% DMSO in DMEM with either 25 mM phosphate buffer or 25 mM HEPES buffer,

10,5,2.5,0% FBS, 25°C,2h, n=3.
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2.2.1 Synthesis and evaluation of new TFP analogs

Given the literature indicating that albumin, the most abundant protein in serum, has strong
affinity for hydrophobic molecules,*3+18 we hypothesized that TFP might be sequestered by the
protein. As such, we synthesized more water soluble TFP analogs by introducing hydroxymethyl
group (Scheme 37). TFP was deprotonated in the presence of n-BuLi and TMEDA.*® The anion
reacted with DMF to make the aldehyde precursors 2.57-2.59 upon acid hydrolysis. The
corresponding aldehydes were reduced with NaBHa4 to give hydroxymethyl-TFP analogs 2.60—

2.62.

% . \
| © -BuLi, TMEDA
Qp/@ 78°C 1o -l1Jo|oc, 3.5 hr, THF; @ )\(_7/ C(\L

78 °C
4 2.57 2.59
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CLogP: 3.213 NaBH,4 NaBH, NaBH4
31p NMR: -77.9 ppm THF:MeOH (2:1) THF:MeOH (2:1) THF:MeOH (2:1)
0°C 0°C 0°C
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3P NMR: -76.0 ppm 3P NMR: -75.4 ppm 3P NMR: -74.9 ppm

Scheme 37. Synthesis of hydroxymethyl-TFP analogs.
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An introduction of hydroxymethyl substituents accelerated the reaction in 50 mM
phosphate pH 7 buffer for both, RAE and RPE (Figure 21). A positive correlation was observed
between the number of hydroxymethyl groups and reactivity, with iPhos3 (2.62) being the best.

Importantly, Figure 21 indicates that O-allyl ether cleavage is 14 times faster after 1 hour than O-

propargy| ether cleavage when the ligands were used.
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Figure 21. The rate of deallylation and depropargylation in the presence of hydroxymethyl-TFP analogs in
phosphate buffer. Conditions: 40 pM TFP, TFP-(CH20H)n (n =1, 2, 3), 20 pM RAE or RPE, 10 pM

Pd(OAc)2, 1 % DMSO in 50 mM phosphate pH 7 buffer, 25 °C, n = 3.

We then asked whether this discovery could be translated into a more biologically relevant,
cell-culture medium, such as DMEM with 10% serum. Low yields were observed with all
phosphines when the ligands and palladium were added to the reaction mixture separately (Figure
22a). Furthermore, none of the newly synthesized TFP analogs (2.60—-2.62) were superior to TFP.
We hypothesized that the low efficiency of the clip reactions was likely associated with palladium
deactivation by the components in the reaction media.''®* DMEM and serum include many thiol-
containing amino acids and proteins capable of binding to the active palladium catalyst rendering
it inactive. Thus, palladium-phosphine complexes were first pre-formed in DMSO:H20, then
added to the reaction mixture. We discovered that 60 pM iPhosl resulted in 35 times the
fluorescence compared to the phosphine-free conditions in DMEM with 10% BCS for the
deallylation reaction when the reaction mixture was incubated at 37 °C (Figure 22b). The optimal
concentration of both TFP and iPhos1 (2.60) in DMEM with 10 % serum was found to be around

70 uM (Figure 22c).
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Figure 22. Deallylation and deproparglation of RAE or RPE in the presence of hydroxymethyl-TFP analogs
in phosphate buffer, respectively at 37 °C in DMEM with 10% BCS. (a) Deallylation and depropargylation

without palladium and phosphine premixing. (b) Deallylation and depropargylation with palladium and TFP

premixing. Conditions: 60 pM TFP or TFP-(CH20H)n (n =1, 2, 3), 20 pM RAE or RPE, 10 pM Pd(OAc)2,
1% DMSO in DMEM with either 25 mM phosphate buffer, 10 % BCS, 37 °C, 1 h, n = 3. (¢) The optimal
concentration of TFP and mono-hydroxyethyl-TFP at 37 °C in DMEM with 10% BCS. Conditions: 100, 71.4,
51.0, 36 .4, 26.0, or 0 pM TFP or TFP-(CH20H)n (n =1, 2, 3), 20 pM RAE, 10 pM Pd(OAc)2, 1% DMSO in

DMEM/25 mM phosphate buffer (10 % FBS), 37°C,2 h,n=2.
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2.2.2 Synthesis and evaluation of second generation TFP analogs

Interestingly, in DMEM with 10 % serum, iPhosl facilitated the rate of deallylation of
RAE more efficiently than iPhos2 and iPhos3, which is a very different trend compared to our
earlier observations 50 mM phosphate pH 7 buffer. The differences in ligand reactivities in 50 mM
phosphate buffer (Figure 21) and DMEM (Figure 22b) can be attributed to the intrinsic differences
in the solvent composition. Amatore and Jutand demonstrated that solvent composition can impact
the overall kinetics of palladium-TFP complex formation and its catalytic activity.'®” We
hypothesized that components of DMEM or the serum interacted with the hydroxy group on the
phosphine making the catalyst bulkier or less reactive towards the alkene. To test this, we decided
to synthesize other mono-hydroxymethyl-TFP analog and its methyl ether analogs 2.64, 2.66, 2.68
(Scheme 38). Furfuryl alcohol 2.65 or corresponding methyl ethers 2.63, 2.67 were deprotonated
with n-BuLi; the anion then reacted with bis(furyl)phosphine chloride to give the desired

phosphines 2.64, 2.66, and 2.68.
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Scheme 38. Synthesis of second generation phosphine ligands.

Less sterically hindered 3-iPhos1 was superior to iPhosl in facilitating the deallylation of

RAE (Figure 23a). Me-iPhos and Me3-iPhos, were inferior to their hydroxy analogs. To explain

this trend, we turned out attention to 3P NMR chemical shifts, which depend on electron density

on phosphorus, the bond angles, and m-bonding.'®® When the latter two parameters are kept the
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same, 3P NMR chemical shifts can be correlated with the lone pair donation on phosphorus and
its Lewis basicity.’®® Thus, we plotted the % yield vs. the chemical shift to check for any
correlations (Figure 23b). To our surprise, statistical analysis (R?> = 0.3130) indicated no
correlation between the 3P NMR chemical shift and the efficiency of RAE deallylation. These
results suggest that either other parameters influence the chemical shift or both solubility and

sterics are important in designing phosphine ligands.
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Figure 23. The rate of decaging reactions with second generation phosphines in DMEM with serum
(premixed). (a) The rate of deallylation. (b) The correlation between the yield of deallylation and P NMR

chemical shift. (c) The rate of depropargylation. (d) The correlation between the yield of deallylation and 3P
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NMR chemical shift. Conditions: 0 or 60 pM phosphine, 20 pM RAE or RPE, 10 pM Pd(OAc)2, 1% DMSO in

DMEM with 25 mM phosphate buffer, 10 % FBS, 24 °C, 2 h, n = 3.

Intriguingly, 3-iPhosl and Me3-iPhosl were also able to facilitate depropargylation in
DMEM with 10 % FBS (Figure 23c). The mechanism of palladium-catalyzed depropargylation
under biological conditions is not well studied. The Domingos group reported the first mechanistic
study of palladium-catalyzed depropargylation at micromolar substrate and palladium
concentrations.'®® However, this mechanistic study did not include phosphines. In the presence of
the base, ligand, or nucleophilic solvent palladium(l1) is believed to be reduced to palladium(0) by
a base through an intramolecular ligand exchange reduction or by an attack of a nucleophile,
followed by a reductive elimination pathway.>* 119 191-192 The active palladium(0) is then assumed
to undergo oxidative addition with the propargyl group to produce an allenylpalladium
intermediate, which undergoes hydrolysis to form acetol and regenerate palladium(0). Based on
the 3'P NMR, it can be extrapolated that 3-iPhos1 (2.66) and Me-3-iPhos1 (2.68) (with chemical
shifts of § = -85.7 and & = -86.2 ppm, respectively) are the most electron-rich phosphines.
Statistical analysis indicated that there is a correlation between the 3P NMR chemical shift and
the efficiency of RPE depropargylation (R? = 0.8989). These results suggest that oxidative addition
may be the rate-determining step for the palladium-catalyzed depropargylation reaction in
biological media. However, further studies are necessary to determine the role of these new
phosphines.

We found that the kinetics of the reaction can be improved when premixed palladium and
phosphine are added to the reaction mixture containing the probe in DMEM and serum. The
second-generation phosphines were less sensitive to DMEM and serum (Figure 24). Although

lower yields were observed when palladium and phosphines were not pre-mixed in DMSO-H-0.
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Lower yields are likely observed due to palladium deactivation by the components found in

DMEM and serum.6

20
] mmm  RAE
15 RPE
T
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Figure 24. Decaging reactions with second-generation phosphines without premixing. Conditions: 60 pM
phosphine, 20 pM RAE or RPE, 10 pM Pd(OAc)z, 1% DMSO in DMEM with 25 mM phosphate buffer, 10 %

FBS,37°C,1h,n=3.

2.2.3 Synthesis and evaluation of palladium-phosphine complexes

Palladium complexes 2.69 and 2.70 were synthesized in MeCN to test if the premixing step
could be eliminated (Scheme 39). Palladium-phosphine complexes facilitated deallylation in
DMEM with serum (Figure 25a). We hypothesized that addition of extra phosphine wouldcould
reactivate the palladium catalyst and restart the reaction. However, the reaction did not restart upon

exposure to additional phosphine. Furthermore, the initially fast reaction started to stall after 30
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minutes, and a low fluorescence increase, indicative of low yields, was observed. Similar
observation was reported by the Weissleder group; all palladium-phosphine complexes failed to
catalyze the deallylation in Minimum Essential Medium with serum.® These results further show
that palladium can be deactivated by the components in the media via dynamic ligand exchange

and phosphines are unable to re-form the active palladium catalyst.

o__p o
Ho/\(\_?’b j\pr
0/ HO 0/

PdCl,

MeCN MeCN
100% yield 98% vyield

o \ c—

O: />\p\ /F/Q \
Pd

— /\ -

_ocl mb Kdom clo__
2.69 2.70

HO HO

Scheme 39. Synthesis of plladium-phosphine complexes.

Studies performed by Amatore and Jutand suggest that in the presence of only 2 equivalents
of phosphine, palladium(ll) is readily reduced to highly unstable palladium(0) species;'%
consistent with the initial quick reaction followed by the catalyst deactivation observed in Figure
25a. On the contrary, with additional equivalents of phosphine ligand, Pd(OAc). formed a more

stable Pd(OACc)2(PR3)2 complex. Thus, Pd(OAc). or palladium-phosphine complexes 2.69 and
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2.70 were incubated in the presence of additional phosphine for 45 minutes prior to the addition to
the solution containing the probe (Figure 25b). Pd(OAc). premixed with 3iPhosl and iPhosl
catalyzed deallylation more efficiently than palladium complexes 2.69 and 2.70 premixed with
additional phosphine ligand. This can be attributed to the differences between the acetate and the
chloride ligands. The complexes such as PdCI>(PPhs). are very stable in solutions in THF and
DMF.1% Additionally, bivalent PdX2(PPhs). complexes can be readily reduced to zerovalent
palladium when ligand X contains oxygen.'®®> Mechanistic studies suggest that this reaction
proceeds via an inner-sphere reduction and is rate-determining.'®® Stable, bivalent, PdXz(PPhs)2,
complexes that do not contain oxygenated ligand require water and phosphine to form
palladium(0) complexes. Thus, reducing bivalent PdCI>(PR3s). complex likely requires a ligand
exchange between the chloride and the water ligands. Unfortunately, many attempts to synthesize
Pd(OAcC)2(phosphine), complexes in MeCN and THF led to palladium black formation.
Furthermore, PdCI2 was not soluble enough to be tested under given conditions to directly compare

acetate and chloride ligands.
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Figure 25. Deallylation of RAE with palladium-phosphine complexes. (a) Reactivation of palladium-
phosphine complexes with additional phosphine. Conditions: 20 pM RAE, CI2Pd(iPhosl)2, 10 or 0 pM
Cl2Pd(3-iPhosl)2 or Pd(OAC)2, 60 nM iPhos and 3-iPhos, 1% DMSO/DMEM with 25 mM phosphate pH 7
buffer, 10% FBS, 25 °C, n = 3. (b) Deallylation with premixed palladium-phosphine complexes and additional
phosphines. Conditions: 20 pM RAE, 10 or 0 pM CIzPd(iPhosl)2, Cl-Pd(3-iPhosl)z or Pd(OACc)z, 0 or 60 pM

iPhos and 3-iPhos, 1% DMSO/DMEM with 25 mM phosphate pH 7 buffer, 10% FBS, 25 °C, n = 3.
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2.2.4 Optimal phosphine to palladium ratio

The optimal phosphine concentration and palladium to phosphine ratio were determined in
DMEM with serum at 37 °C (Figure 26). No clear correlation between high palladium and
phosphine concentrations was observed. Typically, once optimal phosphine concentration is
reached, the rate of the reaction decreases because the equilibrium between less ligated and more
highly ligated palladium species shift toward the latter at higher phosphine concentrations.? &
However, our system was more sensitive toward the lower phosphine concentrations, necessary to

form the active palladium complex.

% vyield
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OJQQ q,/\v & \gg\%{\ éo‘b@‘b (%b@‘?\vb \Q‘?‘ o 0

[3iPhos1] uM

Figure 26. The correlation between palladium concentrations and optimal 3iPhos1 concentrations.
Conditions: 20 pM probe, 20, 10, 5, 2.5 uM Pd(OAc)2, 300, 214, 153, 109, 78.1, 55.8, 39.8, 28.5, 20.3, 14.5, 10.4,

or 0 pM phosphine, 1 % DMEM/25 mM phosphate pH 7 buffer (10 % FBS), n = 3, 37 °C.

2.2.5 Rate constant

With the fluorometrically measured concentrations of resorufin (Figure 27a), RAE

concentrations were calculated (Figure 27b) and In[RAE]versus time (s) was plotted (Figure 27c)
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to obtain observed rate constants k’ as the slope of the linear plot (Figure 27d). An increase in

fluorescence over time was measured upon the addition of Pd(OAc). and the phosphine to RAE to

determine the second-order rate constant. The fluorescence readout was converted to the amount

of resorufin using the standard curve. Based on the pseudo first-order kinetic studies (Figure 27d),

the second-order rate constant k of the reaction was calculated to be 257 + 10.3 M1s1.
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Figure 27. Kinetics of palladium catalyzed deallylation. Conditions: 2 pM RAE, 10, 5.0, or 2.5. 1.25 pM

Pd(OAcC)z, 60, 30, 15, or 7.5 pM phosphine, 1 % DMEM/25 mM phosphate pH 7 buffer (10 % FBS), n = 3, 37

°C.
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2.2.6 Copper does not interfere with palladium catalyzed decaging in the presence of

TFP analogs.

Copper is an essential metal in biology.® In combination with some phosphine ligands,
copper is known to facilitate depropargylation inside the cells.*>® Thus, we tested whether copper
would interfere with our palladium catalyzed reaction and facilitate the decaging of RPE (Figure
28). Both, RAE and RPE, reacted with Pd(OAc).. However, CuSO4 alone, or in combination with
Pd(OAc)2 did not lead to any additional reaction. Therefore, our method does not suffer from

copper interference even at high concentrations.
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Figure 28. Copper interference with lead phosphines. (a) Copper does not interfere in the presence of iPhos1.
(b) Copper does not interfere in the presence of 3iPhos1. Conditions: 20 pM RAE, 10 pM Pd(OAc)2, 1.0 pM
CuSO04, 60, 30, 15, or 7.5 puM phosphine, 1 % DMEM/25 mM phosphate pH 7 buffer (10 % FBS),n =3, 24

°C.

82



2.2.7 The scope of palladium-catalyzed deallylation.

With optimized conditions in hand, we turned our attention to the scope of the reaction.
The efficiency of the allylic and propargylic C-O bond cleavage depends on the pKa of the leaving
group (a fluorophore in our case). 4’ Thus, coumarin based probes containing functional groups
with various pKa were synthesized (Table 2). We decided to continue to use fluorophores as the

leaving groups due to high sensitivity, which allowed us to run reactions at low concentrations.

Table 2. Synthesis of coumarin based probes.

R' R'
N Electrophile N
KZCO3 R2
X o o > X o o

DMF
X = OH, SH, NH,
R'=H, Me

L )
\/\0 o o

\/\s oo

2.71 2.72

40% vyield 55% yield
S (0]
\/\N oo \/\O)LN o Yo

H H

2.73 2.74
28% yield 93% yield

A variety of coumarin-based fluorophores and other probes previously synthesized in our
lab with pKa ranging from 3.9 to 30 were tested (Figure 29).1%7-2%1 To our surprise, no correlation

between the pKa of the leaving group and the yield was observed for the substrates that were
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successfully uncaged. Components in the reaction media may be interacting with the substrates to
facilitate the reaction; similar to the phosphate buffer in the chapter above. However, aniline based

analog 2.73 showed no reaction indicating that there is a pKa limit for this transformation.

) J J

100 5 s
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] - . no reaction
0 -

mmm  Phos| \— _
3iPhos1 o 9
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iPhos1 —OH 3iPhos

\,\
\,_,\
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% yield

Figure 29. Substrate scope of deallylationbased on the pKa of the leaving group. Conditions: 10 pM probe, 20
uM Pd(OAc)2, 120 uM phosphine, 1 % DMSO/DMEM/25 mM phosphate pH 7 buffer (10 % FBS), 1 h, n=3,

37°C.

Resorufin based probes 2.75-2.79 with varying sterics around the olefin were synthesized
from resorufin sodium salt and corresponding electrophiles (Scheme 40). Additional methyl or

phenyl substituents were installed to test whether handles could be attached to the probes to make

more selective caged molecules.
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Scheme 40. Synthesis of sterically hindered resorufin analogs.

The sterics of the alkene influenced the rate of the reaction (Figure 30).2%? Least sterically
hindered RAE performed the best. Substrates with one methyl 2.75-2.77 or phenyl 2.78 group
attached to the alkene or the allylic methylene were approximately 50% less efficient than RAE.
The tri-substituted alkene 2.79 was unreactive under the reaction conditions. We suspect that the
sterically hindered olefin impedes the association of palladium-phosphine complex and the alkene,

which may be the turnover limiting step for this substrate.%?

85



_._, ~
~
ROQ phosphine /@0:@0

nonﬂuorescent fluorescent
2.53 2.75 2.7 2,77
100+ :

2 50 [

[0]

> 504 - - T

O\O -

0 _] . - . i .

iPhos1 3iPhos1

Figure 30. Substrate scope of deallylation based on the sterics of the alkene. Conditions: 10 pM probe, 20 pM

Pd(OAC)z2, 120 or 0 pM phosphine, 1 % DMEM/25 mM phosphate pH 7 buffer (10 % FBS), 1 h, n = 3, 37 °C.

2.3 Conclusions

Novel TFP analogs were synthesized and tested in biological media (DMEM with 10%
serum). This palladium-catalyzed deallylation with phosphine as an added ligand was 35 times
faster than previously reported phosphine-free palladium-catalyzed depropargylation in serum-

containing cell culture media. The second-order rate constant k of the reaction was calculated to
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be 257 + 10.3 M!s’1. This method is not very sensitive to the pK, of the leaving group and is able

to facilitate deallylation of sterically hindered substrates.

2.4 Future Plan

Further cell imaging studies are necessary to test whether this combination of palladium
and new TFP analogs can facilitate deallylation and depropargylation in vivo. These phosphines
must be cell-permeable to facilitate the reaction inside the cells. Furthermore, phosphines are
typically avoided due to possible toxicity; thus, further cell toxicity studies are also necessary.

Additionally, palladium has been shown to accumulate in the kidneys of rats exposed to
heavy metal through drinking water.?%® Thus, our method has the potential to be used to selectively
release prodrugs to treat kidney cancer. This will allow for targeted treatment and may lower the
side effects associated with cancer drugs due to off-target effects.

In Figure 30, we showed that our palladium-phosphine method is, although sensitive, still
capable of facilitating the deallylation of sterically hindered substrates. This indicates that our
allylic C-O bond cleaving method allows for an attachment of a handle, such as an antibody.?%
Therefore, it can be used as a removable linker and a protecting group for the antibody-drug
conjugates (ADCs; discussed in the section below) allowing bioorthogonal release of toxic cargoes

at tumor sites.
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3.0 Synthesis of a Tetrahydrofuran Analog of FR901464

3.1 Introduction

3.1.1 Discovery of FR901464

While searching for natural products with anticancer activity that poses new modes of
action, Fujisawa Pharmaceutical Company discovered and isolated FR901463, FR901464, and
FR901465 (Figure 31) from the fermentation broth of Pseudomonas sp. No. 2663.2%5-208 All three
natural products exhibited antitumor activity in A549 (human lung adenocarcinoma), HCT116
(human colon carcinoma), MCF-7 (human breast adenocarcinoma), P388 (murine leukemia), and
SW480 (human colon adenocarcinoma). FR901464 was identified as the most potent antitumor
agent out of the three natural products, with Glso of 0.61-3.33 nM. The antitumor activities of the
three natural products were evaluated in mice bearing A549, Colon 38 (murine colon
adenocarcinoma), Meth A (murine fibrosarcoma), and P388 tumors. Of the three compounds,

FR901464 was the most effective.

FR901463 Cl FR901464

FR901465
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Figure 31. Chemical structures of FR901463, FR901464 and FR901465.

3.1.2 Mode of action

The Nakajima group used 5-bromo-2'-deoxyuridine (BrdU) cell labeling assay to elucidate
the mode of action. Incorporation of BrdU in FR901464-treated M-8 cells against numerous
control cell cycle inhibitors with known mechanisms of action (adriamycin, camptothecin, and
Taxol®) was evaluated. A decrease in cells entering S phase and exiting from G2/M phase was
observed in FR901464-treated M-8 cells. It was determined that FR901464 induced G: and G2/M
phase cell cycle arrest. A similar effect on cell cycle distribution was observed for other cancel
cell lines.

Additionally, cell shrinkage, associated with induced DNA fragmentation, was observed
in cells treated with FR901464. Thus, chromatin status in the FR901464-treated cells was
examined, as a sign of DNA fragmentation, using the photometric enzyme immunoassay. An
enrichment of nucleosomes was observed in cytoplasm of FR901464 treated cell, indicating the
degradation of chromatin.

The Yoshida group used biotinylated spliceostatin A (Figure 32), a methylated derivative
of FR901464, and pull-down studies to identify the molecular target of FR901464.2%" Splicing
factor 3b subunit 1 (SF3B1) was identified as the biological target of FR901464 and its analogs.
SF3B1 is a protein of the U2 small nuclear ribonucleoprotein (SnRNP). It is required for binding

to the branchpoint sequence during splicing.2%®
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Figure 32. Chemical structure of the biotin derivative of spliceostatin A.

In 2021, the Pena group discovered that the SF3B subunit PHF5A was also the target of
FR901464.2%° A crystal structure of Spliceostatin A and SF3B revealed that the epoxide of
FR901464 analogs reacts with a one of the four cysteine residues of PHF5A’s zinc finger (Figure
33). This finding may explain high potency of select FR901464 analogs that contain the epoxide

moiety.

SF3B1

H1069

PHF5A

Figure 33. Mechanism of covalent coupling of Spliceostatin A to the nucleophilic zinc finger of PHF5A.
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3.1.3 Alternative splicing and FR901464

Alternative splicing is the main source of diversity of the proteome in eukaryotes.?!

Alternative splicing creates protein diversity through the differential use of splice sites (Figure 34).
Exons are alternatively spliced to generate various forms of mMRNA from the same pre-mRNA.
High-throughput sequencing studies suggest that 95-100% of human pre-mRNA that consists of

multiexon yield multiple mMRNAs.?!!

exon skipping

— E1 E2 E3 — —>»| E1 E3

intron retentio

— E1 E2 E3 |——>| E1 E2 E3

alternate 3’ SS

— E1 E2 E3 — —>»| E1 E2 E3

alternate 5’ SS

— E1 E2 E3 — —>»| E1 E2 E3

Figure 34. Pathways of alternative splicing.

FR901464 binding to SF3B1 in the U2-snRNP disrupts branch site recognition, which as
a result, leads to a shift in alternative splicing of myeloid cell leukemia-1 gene (Mcl-1; Figure
35).212-214 The Mcl-1 pre-mRNA encodes the long antiapoptotic Mcl-1, and the short proapoptotic

Mcl-1s. Overexpression of Mcl-1. is observed in melanoma,?*® advanced renal cell carcinoma,?
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breast,?1’?% colon?%??! and many others cancers??2??® and linked to intrinsic and acquired
resistance to various FDA-approved anticancer drugs.?'6 227-233

Knocking down Mcl-1 improves response to anticancer drugs in different cell lines.?%% 234+
235 various small molecule inhibitors of pan-Bcl-2 family protein have been reported to have anti-
Mcl-1 activity.?®241 Furthermore, small molecule inhibitors of Mcl-1 have shown promising
results in various cancer cell lines, but many suffered from side effects related to mitochondria
functions.zz“' 238, 242-246

Treatment with FR901464 shifts splicing preferentiality toward proapoptotic Mcl-1s
(Figure 35). By reversing the dominant isoform from Mcl-1_ to Mcl-1s, FR901464 and analogs,
in combination with Bcl-x. inhibitor ABT-737, leads to cell death.?®* FR901464 analogs are
capable of restoring sensitivity for otherwise ineffective FDA-approved anticancer drugs due to

Mcl-1L overexpression.?4’

pre-mRNA
— 1 2 3 —
mRNA / <4
1 2 3 1 3
Mcl-1L Mcl-1S
Predominant in cancer Predominant w/ MAMB
Anti-apoptotic Pro-apoptotic
Proliferation Cell death

Figure 35. Alternative splicing with FR901464 analogs.
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3.1.4 Natural product splicing regulators

An increasing amount of data linking splicing and disease led to the interest in the
development of small molecules targeting the spliceosome. Several natural products,
FR901464,%% herboxidiene,?*® pladienolide B?*, and thailanstatin A®°, have been found to
modulate splicing through binding of SF3B1 (Figure 36).2%":2°1-2°2 The unique mode of action for
these natural products in combination with the interest in small molecules targeting the
spliceosome as led to total synthesis efforts and analog development in several laboratories.?%327
These natural products have structural similarities, such as the diene, acetate, and epoxide. Some

compounds of this class have been evaluated in the clinical trials, but had little success.?’’-2"

FR901464 Thailanstatin A

oH

KM\\‘ fo) OH

Pladienolide B Herboxidiene

Figure 36. Natural product splicing regulators.
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3.1.5 Synthetic strategy

The synthetic strategy from the Koide group follows a convergent route that disconnects
the molecule into three main intermediates: the sidechain, the left fragment, and the right fragment
(Figure 37). The side-chain acid and the left fragment amine are combined via an amide bond
coupling. The resulting diene is then coupled with the right fragment alkene through olefin
metathesis to give the final product. This synthetic strategy was adopted because it allows for facile

functionalization of the functional groups for further analog development.

olefin-cross metathesis

AcO o I();(\)V<
U
AcOU j/\o):\)\/ .
X [,,’H
U

amide bond coupling

o
AcO o . G
N ZY r
OH H,N -

Figure 37. Convergent synthesis of FR901464 analogs.

3.1.6 FR901464 structure activity relationship (SAR) studies

Continued interest in FR901464 due to its antiproliferative activity in cancer cells led to

extensive SAR studies, 25425 258, 260, 262, 280-284 These studies outline key functional groups
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necessary for the cytotoxic activity of FR901464 (Figure 38). The right pyran ring can exist in an
open or close form. The hemiketal was shown to collapse under various conditions.?® Replacing
the hydroxy group on C1 with a hydrogen produced an analog equipotent to FR901464.%54 This
indicated that the cyclic structure of the right pyran ring as the active form of FR901464.
Methylation of the hydroxy group lead to the synthesis of more stable spliceostatin A.?
Furthermore, replacing the hydroxy group with a methyl increased the half-life of the pyran ring

and the potency of the small molecule by 100-fold.?®® This analog was named meayamycin.

Alkene is better.

Trans,trans-configuration required
Free hydroxy less potent.

Bulky esters, carbamates,
and amides are better

Replace with H, CH,,

or OCHj, for improved

stability and potency

Heteroatom required
Cis is more potent than  Retaining hydrophobicity O is better than N
trans and unsaturated is important

Figure 38. SAR summary of FR901464.

Replacing the epoxide with cyclopropane led to loss of activity.?>* Exocyclic alkene®! and

various non-epoxy analogs®®

were found to be less potent. The Nicolaou group synthesized an
aziridine analog, which remained potent.?6? A recently published crystal structure of SF3B in
complex with spliceostatin A revealed that FR901464 analogs are covalent binders; the epoxide
acts as the electrophilic warhead of the molecule to form a covalent bond with PFH5A (Figure
33).209

Modifications of the left pyran ring led to reduced potency.?%® 28 Initial modifications of

the side chain suggested that it is not as sensitive to alterations compared to the epoxide.?*

Saturation or isomerization of the enoate led to diminished potency.?®® Sterically bulky acetyl
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esters were comparable in potency.?® Replacing the acetyl ester with more metabolically stable

morpholine carbamate led to a more potent analog meayamycin B.2%°

3.1.7 Drug-conjugates

ADCs are biopharmaceutical drugs that consist of recombinant monoclonal antibodies
(mAb) and cytotoxic drugs (warheads) covalently bound through a linker.2% This class of drugs is
designed to target and Kill cancer cells over healthy cells. Highly cytotoxic, small-molecule drugs
are intended to kill cells, while mAb provides selectivity and stability. Cytotoxic drugs that either
damage DNA or block mitosis are typically used as warheads for ADCs. Gemtuzumab ozogamicin
was the first ADC that received regulatory approval by the US Food and Drug Administration
(FDA). It consisted of an anti-CD33 mAb conjugated to calicheamicin (Figure 39a) and was
designed to treat acute myeloid leukemia.?®” The development and subsequent approval of
trastuzumab deruxtecan (Figure 39b) demonstrated that new types of warheads can be used to
overcome resistance.?® These advancements paved the way for clinical trials of more cytotoxic

and selective ADCs with new types of warheads.
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(a) Gemtuzumab ozogamicin

a ff
I

0MO
/N N
H

Warhead @

(b)Trastuzumab deruxtecan

Linker

Warhead @

Figure 39. Structures of selected ADCs.

Glycoconjugation, the linking of a drug to a sugar, is another promising strategy for
targeted cancer therapy because cancerous cells require more glucose compared to normal
tissue.?8® However, this strategy suffers from rapid clearing and lower toxicity of drug conjugates.

The Chen group reported the development of paclitaxel conjugated to glucose (Figure 40a).2%° This
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drug-conjugate showed selective cytotoxicity against cancer cell lines and reduced toxicity toward
normal cell lines. However, lower cytotoxicity was also reported toward cancer cell lines with low
expression levels of glucose transporters. The Mikuni and Mandai groups reported the synthesis
of docetaxel conjugated to galactose (Figure 40b).2%! The drug conjugate had superior water
solubility and antitumor activity equivalent to docetaxel. However, it was excreted more readily

and the uptake by cancerous cells was not studied.

a) glucose-conjugated paclitaxel (b) galactose-conjugated docetaxel

B

@*\\( o\ N HO
Ny

{&

HO OH

HO & .\
o.__oo"

/&0

Figure 40. Examples of drugs conjugated to sugars.

We were interested in conjugating FR901464 to an antibody or a sugar to improve drug
delivery to tumors while reducing drug exposure to normal tissues. The crystal structure of SF3B
in complex with spliceostatin A showed that the axial position at C1 (Figure 41) could handle
further modifications.?®® Furthermore, this position has been previously conjugated to biotin

(Figure 32) without loss in activity.2%’

98



Spliceostatin A

Figure 41. Structure of Spliceostatin A.

3.2 Results and discussion

3.2.1 Right fragment synthesis

The efforts towards the synthesis of the conjugatable analogs were based on the same
convergent scheme previously developed for other analogs. The right fragment was synthesized
according to the published first-generation synthesis (Scheme 41).25"-2% Zinc-mediated coupling
of propargyl alcohol and methallyl bromide affords the diene 3.3, which is epoxidized using
Sharpless’ conditions. The alcohol 3.4 is oxidized with IBX and the subsequent aldehyde 3.5
undergoes Zr/Ag-promoted alkanylation to give an ester 3.6, which can be selectively reduced to
the enoate 3.7 in the presence of Red-Al. The secondary alcohol is protected as silyl ether 3.8, and
the ester is reduced by DIBALH to give the primary allylic alcohol 3.9. Grieco-type substitution
of allylic alcohol yields selenide 3.10, which upon oxidation with H.O> undergoes [2,3]-seleno
Mislow-Evans rearrangement to give the key secondary allylic alcohol 3.11. Finally, Hg-mediated

cyclization gives pyran 3.12, which is deprotected to yield the right fragment epoxide 3.13.
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— 2NN >
80 A) yleld 6H /o _78 tO _44 oC
3.11 76% yield R=TES 3.12
' TBAF|:>R=H 3.13
97% yield

Scheme 41. First generation synthesis of right fragment.

3.2.2 Efforts towards more versatile right fragment analog through a Wacker-type oxy-

palladation.

The Hg-mediated cyclization requires stoichiometric amounts of toxic Hg(OAc).. This step

is not scalable because

large amounts of toxic waste will be produced as a result. We envisioned

that this cyclization could be achieved through a Wacker-type oxy-palladation to afford the key

palladium(ll) intermediate 3.14, which will subsequently undergo carbonylation with carbon

monoxide and esterification in the presence of methanol to afford the methyl ester 3.15 (Scheme
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42). Reduction of 3.15 would produce the primary alcohol 3.16 that can be coupled with an
electrophile to produce new right fragment analogs. Classical Wacker-type oxy-palladation
conditions usually afford 1:1 mixture of diastereomers.?®22%® Thus, we were interested in

developing diastereoselective cyclization after we determine the optimal reaction conditions.

DIBALH M~ R=CO,Me 3.15
-» R=CH,0OH 3.16

Scheme 42. Synthetic scheme for Wacker-type oxy-palladation.

We started with classical Wacker-type oxy-palladation conditions.?%2-2% Secondary alcohol
3.11 was exposed to catalytic amounts of PdCI> and an equivalent of CuCl, (Table 3, entry 1).
Starting material was consumed, but a complex mixture of products was observed. Decreasing the
substrate concentration had little effect on the reaction (Table 3, entries 1-3). Other oxidants were
screened (Table 3, entries 4-7), but only led to TES deprotection to yield the diol 3.18 or no
reaction. Different palladium sources were also assessed, but did not lead to the formation of the

desired product (Table 3, entries 8-10).
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Table 3. Conditions for Wacker-type oxi-palladation.

gres Pz come _ 5"
Z 3u Lo CO.MeOH . TBSO" A on Lo
3.1 3.15 3.18
Entry Oxidant (equiv) Palladium Conc. of Temp. °C Comment
reagent
3.11 (M)
1 CuCl2 (1.00) PdCl; 0.37 24 Complex mixture
2 CucCl; (1.00) PdCl; 0.28 24 Complex mixture
3 CucCl; (1.00) PdCl; 0.14 -78t024 Complex mixture
4 Oxone® (1.00) PdCl; 0.14 24 TES deprotection
5 AgOACc (1.00) PdCl; 0.14 24 No reaction
6 PhI(OAc), (1.00) PdCl; 0.14 24 No reaction
7 Benzoquinone (1.50) PdCl; 0.14 24 No reaction
8 None Pd(OAC), 0.14 24 TES deprotection
9 Benzoquinone (1.50) (PPh3),PdCl, 0.14 24 No reaction
10 Benzoquinone (1.50) (PPh3).Pd(OAC) 0.14 24 TES deprotection

3.2.3 Electrophilic cyclization

We hypothesized that a tetrahydropyran ring could form via an electrophile-mediated

cyclization reaction. Upon treatment of 3.11 with N-bromosuccinimide (NBS), a facile cyclization

took place (Scheme 43). The reaction with NBS proceeded with high diastereoselectivity, but TES

group was removed in the process. It was not clear if TES deprotection happened before or after
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the cyclization. If TES group was deprotected prior to the cyclization it could react with the

bromonium ion to give a tetrahydrofurane 3.21.

OTES NBS (1.20 equiv) /T—Ex
/ . +
(:)H o Solvent, 0 to 24 °C /\ii/y\f\r
3.11 3.19

|

3.6 Hz /\E—) 1 or

Scheme 43. NBS-mediated cyclization.

From NMR spectra, it was difficult to determine whether five- or six-membered ring was
formed. We attempted to derivatize the bromide for X-ray crystallography. However, all
derivatives were isolated as oils. We suspected that five-membered ring was formed due to an
unusual coupling constant between protons 4 and 5. In FR901464 and meayamycin B, the Ja5 was
around 10.0 Hz;%® however, the newly formed bromide was observed to have the Jas of 3.6 Hz.
This would indicate a dihedral angle closer to 120° and suggest that the six-membered ring exists
in a twist-boat conformation. No other FR901464 analogs were reported to exist in a twist-boat
conformation.?®

To confirm that the desired six-membered ring was formed, the bromide was debrominated
(Scheme 44). The reduction of bromide 3.20 would produce previously reported alcohol 3.13 if

electrophilic cyclization yielded the desired tetrahydropyran. Treatment of bromide with BusSnH
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and AIBN led to no reaction; however, upon protection as a silyl ether, it was successfully
debrominated. *H NMR of the product looked different from silyl ether 3.13. This suggested that
NBS-mediated cyclization led to the formation of bromide 3.21 exclusively. The Sohn and Rawal
groups also reported that NBS-mediated cyclization led to the formation of kinetically favored

tetrahydrofuran with MOM-protected alcohol even in the presence of free alcohol leading to the

294

desired tetrahydropyran.

TESCI R=H 3.20 or 3.21 TBAF R=TES 3.23
quant. R=TES 3.23 97% yield R=H 3.13 or 3.22

Scheme 44. Reduction of bromide.

The 1D NOE experiment was used to determine three-dimensional conformation via the
through space relations of protons for the major product of NBS-mediated cyclization, bromide
3.21 (Figure 42). When the peak at 1.52 ppm was irradiated, which corresponds to the methyl
group, an interaction was observed with a peak at 3.97 ppm, which corresponds to H5. No
correlation was observed between the peak at 3.97 ppm and the doublets at 3.49 and 3.59 ppm

corresponding to H9.
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Selective irradiation of H8

Selective irradiation of H5

H8
| m
T T . T . T T T T
5 6.0 5.5 5.0 45 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0

f1 (ppm)

Figure 42. NOESY of tetrahydrofurane 3.21.

The outcome of this electrophilic cyclization is expected to depend on the kinetic
selectivity for the bromonium ion formation.?®® For NBS-mediated cyclization, the formation of
the bromonium ion is generally believed to be reversible.??6-2% Thus, diastereoselectivity usually
reflects the greater kinetic preference of the cyclized intermediate. Generally, trans-2,5-
tetrahydrofuranes are formed because trans isomers are thermodynamically more stable than cis
isomers.?%3%0 The Fujioka group reported that y,5-unsaturated silyl ethers produce cis-2,5-
disubstituted tetrahydrofurans in the presence of N-iodosuccinimide.>** The minor trans product
can be generated through the high energy transition states due to 1,2-steric interactions (Figure

43). Therefore, more sterically favored cis product is observed.

105



Br+4> ) R@(Br

Br / H +(l)
TESO —~ TESO_, TES
R R Major
R
\ Y y
H\s +0 "\ -
| Br
TES
Minor

TES

R
48%
R

Figure 43. Plausible reaction mechanism for the NBS-mediated cyclazation to form tetrahydrofurane 3.21.

Bromide 3.21 was isolated as an inseparable mixture of cis and trans (5:1) diastereomers;

we attempted to control the diastereoselectivity. Lowering the temperature led to minor

improvements in diastereoselectivity but lower yields were observed (Table 4, entries 1-3).

Because the reaction proceeds through an ionic mechanism, polarity of the solvent may affect the

outcome of the reaction. However, addition of polar solvents had no effect on the selectivity of

this electrophilic cyclization (Table 4, entries 4-7).
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Table 4. Optimization of NBS-mediated cyclization.

= /Br
OTES NBS (1.20 equiv) o< PBr o B
Za / -
on Lo Solvent, 0 to 24 °C Z Y o yZ /
OH = o]
OH
3.1 3.21a 3.21b
Entry Temperature (°C) Solvent d.r. (3.21a: 3.21b)
1 -34 CH:CI; 50:1.0
2 -78 CH:ClI 6.0:1.0
3 -781t0 25 CH:ClI 50:1.0
4 0 CH2Cl2/H20 (9:1) 50:1.0
5 0 acetone/H20 (9:1) 40:1.0
6 0 CH2CI2/MeOH (7:3) 45:1.0
7 0 MeCN/MeOH (5:1) 40:1.0

3.2.4 Synthesis of a tetrahydrofuran analog of FR901464

With the new epoxide 3.22 in hand, final cross coupling between diene 3.24 was performed
at 45 °C using nitro Grela catalyst to give an inseparable mixture of 3.25 and the left fragment
homodimer (Scheme 45). The material was purified by HPLC and used for subsequent biological

testing.
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nitro Grela MOMO o OH
+ _— \(/\LN N \
DCE, 45 °C H
MOMOU o AF  21% yield
NN

H
3.24

Scheme 45. Cross coupling of tetrahydrofuran analog of FR901464.

3.3 Biological Assay

(Acknowledgement to Professor John Schmitz at UPMC Hillman Cancer Center for performing

cell work with HCT116 and LS174T cancer cell lines.)

The ability of tetrahydrofuran analog of FR901464 3.25 to inhibit the growth of human
cancer cells was assessed in a cell-based proliferation assay. The Glso values were determined
using the WST1 assay. Wells were initially seeded with 1,500 cells per well for HTC116 cells and

10,000 cells per well for LS174T cells; 3.33X dilution of compounds was performed with 30 nM

or 10 uM as the highest concentration (Figure 44). HCT116 and LS174T are human colon cancer

cell lines.
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Figure 44. Antiproliferation assay.

(Acknowledgement to Professor John Schmitz at UPMC Hillman Cancer Center)

The results of the antiproliferation assay for 3.25, meayamycin, and MAMD are

summarized in Table 5. The GI50 values are reported as best fits of a 95% confidence interval.

Table 5. Antiproliferative activity of MAMD and meayamycin.

(Acknowledgement to Professor John Schmitz at UPMC Hillman Cancer Center)

GI50 (nM)
Cell line 3.25 meayamycin MAMD
HTC116 3312 1.11 3.16
LS174T 5434 5.98 9.38

3 day assay, 3.3X dilution, 0-30 nM meayamycin/MAMD, 0-10 uM IP5134
*values are reported as best fit of a 95% confidence interval range
The tetrahydrofuran analog 3.25 was much less potent than meayamycin, in the low uM
range. The crystal structure of SF3B in complex with spliceostatin A demonstrates that the side

chain and the left fragment are required for molecular recognition, while the right fragment epoxy-
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tetrahydropyran is necessary for the irreversible, covalent binding to the SF3B complex.?®
Furthermore, analogs lacking the epoxide moiety are less potent due to the lack of covalent
binding. The tetrahydrofuran analog 3.25 is likely recognized in the binding site, but the epoxide
moiety is not positioned close enough to the zinc-coordinated reactive cysteine (Figure 33) to form
a covalent bond indicative of high potency.

We further looked at the structural differences between the right fragment of potent
MAMD and 3.25 (Figure 45). Overlaying the structures of the two analogs suggests that the

dimethyl of 3.25 may be clashing with the residues in the binding pocket.

Figure 45. MAMD (black) and 3.25 (red) overlayed.

3.4 Conclusions

Overall, this effort has yielded a novel analog of the natural product FR901464. Initial
growth inhibition assays show that tetrahydrofuran analog 3.25 is less potent than meayamycin
but still retains low uM growth inhibition. Further work could be aimed at optimizing the position
of the epoxide moiety within the right fragment tetrahydrofuran analog to allow for the covalent

binding to the zinc-coordinated reactive cysteine and subsequent increased potency.
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Appendix A. Supporting Information

Appendix A.1 Kinetics and inverse temperature dependence of a Tsuji—Trost reaction in

aqueous buffer

Appendix A.1.1 Instrumentation and reagents

Instrumentation. All fluorescence measurements (excitation 490 nm, emission 510-570
nm) were carried out using a Promega Biosystems Modulus Il Microplate Reader. Temperature
increments were set using an Eppendorf Mastercycler Gradient PCR thermocycler. A temperature
increment was applied, with median autocycler temperatures of 30, 45, 60, and 75 °C to span 20-
85 °C (for example, 20, 23, 26, 29, 32, 35, and 38 °C for one experiment, and 35, 38, 41, 44, 47,

50, and 53 °C for another experiment).

Stock solutions. Solutions of APE in DMSO were prepared and stored in amber bottles at
25 °C for up to 6 months. All the TFP solutions in DMSO used in this study were stabilized by
500 or 250 ppm butylated hydroxytoluene (BHT) and stored in amber bottles at 25 °C for >6
months without decomposition. Palladium solutions were prepared by diluting a high purity
palladium standard for atomic absorption spectroscopy (9.4 mM in 10% nitric acid) with 5%

TraceMetal nitric acid in ultrapure water immediately prior to use (within 6 h).

Reagents. Water in this study was purified by a Barnstead Nanopure Diamond Lab Water

System and distilled. Nitric acid was TraceMetal grade. DMSO was used without purification.
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Appendix A.1.2 Experimental Procedures

Calculating concentration of APE. After the indicated time for each experiment, the PCR
tubes were removed from the thermocycler, cooled to 0 °C on ice, and each solution (180 pL) was
transferred to a black 96-well plate to measure fluorescence. Moles of Pittsburgh Green were
calculated according to our previous work (y = 124886x+511, where x = Pittsburgh Green
concentration in uM and y = fluorescence intensity in arbitrary unit from the instrument3%?) and
used to measure the product formation. The amount of remaining APE was calculated by

subtracting the amount of Pittsburgh Green produced from the initial concentration of APE.

TFP concentration dependence. A solution of 1.23 M phosphate pH 7 buffer (15644 uL),
800 uM APE in DMSO (250 pL), 9.4 uM Pd(NOs3)2 (16 pL), 2.5 M NaBH4 in 10 N NaOH (64
pL), and DMSO (26.2 pL) were added to a scintillation vial. Aliquots (969 pL per vial) of the
resulting solution were transferred to 2-mL vials and cooled on ice. These aliquots were treated
with 0, 0.322, 0.643, 0.965, 1.286, 1.608, 1.929, 2.251, 2.572, 2.894, 3.215, 3.537, 3.859, 4.180,
or 4.502 mM TFP in DMSO (31 pL). The resulting solutions were transferred to PCR tubes (200
uL) and incubated at 45, 66, or 80 °C for 30 min. The resulting reaction solutions were analyzed

according to Calculating concentration of APE (n = 3).

Phosphate concentrations dependence. A solution of 1.23 M phosphate pH 7 buffer (4.08
mL), 500 uM APE in DMSO (120 pL), 3.2 mM TFP in DMSO (120 uL), and 50 or 0 nM Pd(NO3):
in 5% TraceMetal HNO3 (480 pL) were mixed in a scintillation vial (solution A with palladium or
solution B without pallladium). Water (18.764 mL), 235 uM APE in DMSO (1.148 mL), 3.2 mM
TFP in DMSO (540 pL), and 94 nM Pd(NOs3)2 in water (1148 pL) were mixed in a scintillation
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vial (solution C). Water (19.912 mL), 235 uM APE in DMSO (1.148 mL), and 3.2 mM TFP in
DMSO (540 uL) were mixed in a scintillation vial (solution D). All resulting solutions were cooled
to 0 °C on ice. Solution C (200 uL) was added to wells rows A—D columns 2—7, and solution D
(200 pL) was added to wells rows E—H columns 2—7. Solution A (340 uL) was added to wells
rows A-D columnl, and solution B (340 uL) added to wells rows E-H columnl in a 96-well plate
(1 mL per well). Serial dilutions (1.4 fold) were performed by mixing an aliquot (140 pL) from
wells in column 1 to wells in column 2, mixing and continuing until wells in column 7 were mixed.
Discard the last 140 pL from wells in column 7. Each solution in these well was treated with 100
mM NaBHj4 in 10 N NaOH (20 pL) to prepare solutions with 10 mM NaBHa4. The resulting
solutions were transferred to PCR tubes (200 pL) and incubated at 45, 66, or 80 °C for 30 min.
The resulting reaction solutions were analyzed according to Calculating concentration of APE (n

= 3).

NaBHa4 concentration dependence. A solution of 1.2 M phosphate pH 7 buffer (2.04 mL),
500 uM APE in DMSO (60 uL), 3.2 mM TFP in DMSO (60 uL), and 85 or 0 nM Pd(NO3)2 in 5%
TraceMetal HNO3 (240 pL) were mixed in a scintillation vial (solution E with palladium or
solution F without palladium). 1.23 M phosphate pH 7 buffer (9.382 mL), 235 uM APE in DMSO
(574 pL), 3.2 mM TFP in DMSO (270 pL), and 188 or 0 nM Pd(NO3)2 in 5% TraceMetal HNO3
(574 uL) were mixed in a scintillation vial (solution G with palladium or solution H without
palladium). All solutions were cooled to 0 °C on ice. Solution G (200 pL) was added to wells rows
A-D columns 2-12 of a black 96-well plate, and solution H (200 pL) was added to wells rows E—
H columns 2-12. Solution E (360 pL) and 640 uM NaBHj4 (40 pL) in 10 N NaOH were added to

wells rows A-D column 1. Solution F (360 uL) and 640 uM NaBHj4 (40 pL) were added to wells
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rows E-H column 1. Two-fold serial dilutions were performed by taking an aliquot (200 pL) from
wells in column 1, adding to wells in column 2, mixing and continuing until wells in column 12
are mixed. Discard the last 200 puL from wells in column 12. The resulting solutions (200 puL) were
transferred to PCR tubes and incubated at 45, 66, or 80 °C for 60 min. The resulting reaction

solutions were analyzed according to Calculating concentration of APE (n = 3).

Pd concentration dependence. A solution of 1.23 M phosphate pH 7 buffer (18.8 mL),
800 uM APE in DMSO (348 pL), 32 mM TFP in DMSO (83 pL), 2.5 M NaBH4 in 10 N NaOH
(89 pL) and DMSO (680 pL) were mixed in a scintillation vial. An aliquot of the resulting solution
(900 uL) was treated with 0,7, 9, 11, 13, 15, 18, 22, 26, 31, 38, 45, 54, 65, 78, or 94 nM Pd(NO3):
in 5% TraceMetal HNO3 (100 pL). The resulting solutions were transferred to PCR tubes (230 pL)
and incubated at 45, 66, or 80 °C for 30 min. The resulting reaction solutions (230 pL) were

analyzed according to Calculating concentration of APE (n = 3).

APE concentration dependence. A solution of 1.23 M phosphate pH 7 buffer (2.04 mL),
2.56 mM APE in DMSO (60 puL), 3.2 mM TFP in DMSO (60 pL), and 85 or 0 nM Pd(NO3)2 in
5% TraceMetal HNOs (240 pL) were mixed in a scintillation vial (solution | with palladium or
solution J without palladium). 1.23 M phosphate pH 7 buffer (9.956 mL), 3.2 mM TFP in DMSO
(270 pL), and 188 or 0 nM Pd(NO3)2 in 5% TraceMetal HNO3z (573.6 pL) were mixed in a
scintillation vial (solution K with palladium or solution L without palladium). All solutions were
cooled to 0 °C on ice. Solution K (180 pL) was added to wells rows A—D columns 2—8 and solution
L (180 puL) was added to wells rows E-H columns 2—8. Solution I (300 uL) was added to wells

rows A-D column 1, and solution J (300 pL) was added to wells rows E-H column 1. 1.5-fold
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serial dilutions were performed by taking an aliquot (120 pL) from wells in column 1, adding to
wells in column 2, mixing and continuing until wells in column 8 were mixed. Discard the last 120
uL from wells column 8. Each well was treated with 100 mM NaBH4 in 10 N NaOH (20 pL). The
resulting solutions (200 puL) were transferred to PCR tubes and incubated at 45, 66, or 80 °C for
30 min. The resulting reaction solution was analyzed according to Calculating concentration of

APE (n = 3).

Effect of DMSO concentration. A solution of 1.23 M phosphate pH 7 buffer (1.64 mL),
3.3 mM APE in DMSO (7.5 yL), 16, 9.6, 5.3,3.7,2.3,1.7, 1.1, 0.787, 0.516, or 0.384 mM TFP in
DMSO (3125, 232.5,152.5, 112.5, 72.5, 52.5, 32.5, 22.5, 12.5, or 7.5 pL), and water (0, 80, 160,
200, 240, 260, 280, 290, 300, or 305 pL) were added to scintillation vials to prepare solutions (1.96
mL). These solutions (1.96 mL) were treated with 1.0 M NaBH4 in 10 N NaOH (20 pL) and 1.0
MM Pd(NO3)2 in 5% TraceMetal HNO3 (20 pL). The reaction mixtures (200 pL) were transferred
to PCR tubes and incubated at 45, 60, or 80 °C for 60 min. The resulting reaction solution was

analyzed according to Calculating concentration of APE (n = 4).

Effect of DMSO on TFP-palladium binding. A solution of 1.10, 1.13, or 1.20 M
phosphate pH 7 buffer (6.615, 6.440, or 6.090 mL), DMSO (35, 210, 560 uL), and 1 mM APE in
DMSO (70 pL) were combined in a scintillation vial. The resulting solutions (960 puL) were treated
with 500 mM NaBHs in 10 N NaOH (20 puL) and 1 uM Pd(NO3)2 in 5% TraceMetal HNO3z (10
uL) followed by 20, 13.3, 8.89, 5.93, or 3.95 mM TFP in DMSO (10 pL). The resulting solutions
were transferred to PCR tubes (230 pL) and incubated at 45, 66, or 80 °C for 30 min. The resulting

reaction solutions (200 pL) were analyzed according to Calculating concentration of APE (n = 3).
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Competition experiment. In two separate scintillation vials, 1.23 M phosphate pH 7 buffer
(945.1 pL), 800 uM APE in DMSO (15.6 pL), 32 mM TFP in DMSO (3.75 pL), and 2.5 M NaBH4
in 10 N NaOH (4 pL) were combined. The solution in vial 1 was diluted with DMSO (30.7 pL).
The solution in vial 2 was treated with 3.25 mM phenyl allyl ether in DMSO (3.9 uL) and DMSO
(26.8 uL). The two solutions were treated with 10 uM Pd(NO3z)2 (0.94 uL). The resulting solutions
were transferred to PCR tubes (230 pL) and incubated at 45, 66, or 80 °C for 30 min. The resulting

reaction solutions (230 pL) were analyzed according to Calculating concentration of APE (n = 3).

Effect of phosphate ions on TFP-palladium binding. A solution of 1.23 M phosphate
pH 7 buffer (18 mL) or 1.23 M phosphate pH 7 buffer (7.32 mL) and water (10.68 mL) and 800
UM APE in DMSO (459 uL) were combined in a scintillation vial. Each solution (975 pL) was
transferred to 2-mL Eppendorf tubes and treated with 0, 0.5, 1.0, 2.0, 4.0, or 8.0 mM TFP solutions
in DMSO (25 pL). The resulting solutions were treated with 23.5 uM Pd(NO3). in 5% TraceMetal
HNOs (20 pL;) and 500 mM NaBHa in 10 N NaOH (20 pL). The resulting reaction solution (200
pL) was transferred to a black 96-well fluorescence plate, and fluorescence was recorded initially
and after incubation at 25 °C for 60 min. The resulting solutions (200 pL) were incubated at 45 °C

for 60 min and analyzed according to Calculating concentration of APE.
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Appendix A.1.2 Computational Details

All calculations were performed with Gaussian 09.1 The B3LYP density functional and a
mixed basis set of LANL2DZ for Pd and 6-31G(d) for other atoms were used in geometry
optimizations. All minima have zero imaginary frequency and all transition states have only one
imaginary frequency. Single-point energies were calculated with M062 and a mixed basis set of
SDD for Pd and 6-311+G(d,p) for other atoms. Solvation energy corrections were calculated using
the SMD3 model. Water was used as solvent in the calculations. Raw Data can be found in the Sl
of Pohorilets, I.; Tracey, M. P.; LeClaire, M. J.; Moore, E. M.; Lu, G.; Liu, P.; Koide, K., ACS

Catal. 2019, 9, 11720-11733.2%2
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Appendix A.2 Development of Ligand-Accelerated Clip Reactions

Appendix A.2.1 Experimental Procedures

Deallylation and depropargylation with and without serum. A solution of 50 uM RAE
or RPE in 1% DMSO/25 mM phosphate pH 7 buffer (0 or 10% FBS) (92 uL) was treated with 0
or 80 uM ligand solutions in 1% DMSO/50 mM phosphate pH 7 buffer (115 uL), and 0 or 100 uM
Pd(OAC):2 solution in 1% DMSO/H20 (23 uL). The reaction mixtures were incubated at 37 °C for

1 h. The florescence (excitation 525 nm; emission 580-640 nm) was measured.

The rate of deallylation and depropargylation in the presence of hydroxymethyl-TFP
analogs in phosphate buffer. To A solution of 50 uM RAE or RPE in 1% DMSO/50 mM
phosphate pH 7 buffer (80 puL) was treated with 80 uM ligand solutions in 1% DMSO/50 mM
phosphate pH 7 buffer (100 uL), and 0 or 100 uM Pd(OAc)2 solution in 1% DMSO/H20 (20 uL).

The florescence (excitation 525 nm; emission 580-640 nm) was measured every 10 min for 2 h.

Deallylation and depropargylation without Pd and phosphine premixing. A solution
of 50 uM RAE or RPE in 1% DMSO/DMEM with 25 mM phosphate pH 7 buffer (10% BCS) (92
uL) was treated with 120 uM ligand solutions in 1% DMSO/DMEM with 25 mM phosphate pH 7
buffer (10% BCS) (115 pL), and 0 or 100 uM Pd(OAc)2 solution in 1% DMSO/H20 (23 puL). The
reaction mixtures were incubated at 37 °C for 1 h. The florescence (excitation 525 nm; emission

580-640 nm) was measured..
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Deallylation and depropargylation with palladium and TFP premixing. A solution of
22.3 uM RAE or RPE (206 pL) in 1% DMSO/DMEM with 25 mM phosphate buffer (10% BCS)
was treated with premixed 12 or 0 mM phosphine and 0 or 100 uM Pd(OAC). solution (24 uL).
Solutions were incubated at 37 °C for 1 h. Aliquots (200 uL) were transferred to black 96-well

plate and fluorescence was measured (excitation 525 nm, emission 540-610 nm).

The optimal concentration of TFP and mono-hydroxyethyl-TFP at 37 °C in DMEM
with 10% BCS. A solution of 20.2 uM RAE (693 uL) in 1% DMSO/DMEM with 25 mM
phosphate buffer (10% BCS) was treated with premixed 20, 14.3, 10.2, 7.29, 5.21, or 0 mM
phosphine and 0 or 2 mM Pd(OAc)2 solution (7 uL) in 14% DMSO/H-0. Solutions were incubated
at 37 °C for 1 h. Aliquots (200 uL) were transferred to a black 96-well plate, and fluorescence was

measured (excitation 525 nm, emission 540-610 nm).

Deallylation and depropargylation in the presence of second generation of phosphines
in DMEM with serum. A solution of 22.3 uM RAE or RPE (179 uL) in 1% DMSO/DMEM with
25 mM phosphate buffer (10% FBS) was treated with premixed 12 or 0 mM phosphine and 0 or
100 uM Pd(OAC)2 solution (21 uL). The fluorescence was measured (excitation 525 nm, emission

540-610 nm) every 10 min for 1 h.

Decaging reactions with second-generation phosphines without premixing. A solution

of 22.3 uM RAE or RPE (206 pL) in 1% DMSO/DMEM with 25 mM phosphate buffer (10%

FBS) was treated with premixed 12 or 0 mM phosphine and 0 or 100 uM Pd(OACc)2 solution (24
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uL). Solutions were incubated at 37 °C for 1 h. Aliquots (200 pL) were transferred to a black 96-

well plate, and fluorescence was measured (excitation 525 nm, emission 540-610 nm).

Reactivation of palladium-phosphine complexes with additional phosphine. A solution
of 50 uM RAE or RPE (80 uL) in 1% DMSO/DMEM with 25 mM phosphate pH 7 buffer (10%
FBS) was treated with 100 uM PdCl2(iPhos1)2 or 100 uM PdClx(3-iPhosl)2 solution (20 pL) in
1% DMSO/water. The fluorescence was measured (excitation 525 nm, emission 540-610 nm)
every 5 min for 60 min. After 60 min, 660 uM iPhos1 or 3-Phosl in 1% DMSO/DMEM with 25
mM phosphate pH 7 buffer (10% FBS) were added (20 uL). The fluorescence was measured

(excitation 525 nm, emission 540-610 nm) every 5 min for 60 min.

Deallylation with premixed palladium-phosphine complexes and additional
phosphines. A solution of 100 uM Pd(OAc)2 (460 uM) in 1% DMSO in H2O was premixed with
12 mM iPhos1 or 3iPhosl in DMSO (23 uM) for 45 min. A solution of 100 uM Pd(iPhos1)2 or
Pd(3iPhosl). was premixed with 4 mM iPhosl or 3iPhosl in DMSO for 45 min. A solution of
22.3 uM RAE in 1% DMSO/DMEM/25 mM phosphate pH 7 buffer (10% FBS) (179 pL) was
treated with premixed 0 or 195 uM Pd and 571 or 190 uM iPhos! or 3iPhos1 in 5% DMSO/H:0.

Fluorescence was measured (excitation 525 nm, emission 540-610 nm) every 5 min for 1 h.

The correlation between palladium concentrations and optimal 3iPhosl
concentrations. In separate vials, 60, 40, 26.7, 17.8, 11.9, 7.90, 5.27, 3.51, 2.34, 1.56, 1.04, or 0
mM phosphine (46 pL) in DMSO were premixed with 200, 100, 50, 25, 12.5, 6.25, or 0 uM

Pd(OACc)2 in 1% DMSO DMEM/25 mM phosphate pH 7 buffer (920 uL) for 60 min. A solution
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of 22.3 uM RAE (179 uL) in 1% DMSO/DMEM/25 mM phosphate pH 7 buffer (10 FBS) was
treated with premixed Pd(OACc), and 3iPhosl solutions (21 uL). Fluorescence was measured

(excitation 525 nm, emission 540-610 nm) every 10 seconds for 16 min.

Kinetics of palladium catalyzed deallylation. A solution of 2.23 uM RAE (179 uL) in
1% DMSO/DMEM/25 mM phosphate pH 7 buffer (10% FBS)was treated with premixed 190 pM
Pd(OAC)2 and 1.142 mM phosphine, 95 uM Pd(OAc)2 and 571 uM phosphine, 47.5 uM Pd(OAc)z
and 285.5 uM phosphine, 23.8 uM Pd(OAc). and 142.8 uM phosphine, or 0 uM Pd(OAc)2 and
1142, 571, 285.5, or 142.8 uM phosphine. Fluorescence was measured (excitation 525 nm,

emission 540-610 nm) every 10 seconds for 16 min.

Copper interference with lead phosphines. A solution of 25.2 uM RAE or RPE in DMSO
(159 pL) was treated with 0 or 10 uM CuSO4 (20 puL) in 1% DMSO/DMEM with 25 mM phosphate
pH 7 buffer and 571 uM phosphine and 0 or 95 uM Pd(OAc). (21 pL) (Note: Pd and the ligand
were premixed for 45 min). Fluorescence was measured (excitation 525 nm, emission 540-610

nm) every 10 min for 2 h.

Substrate scope of deallylation based on the pKa of the leaving group. A solution of
11.1 uM probe in 1% DMSO/DMEM/25 mM phosphate pH 7 buffer (10% FBS) (207 uL) was
treated withpremixed 190 uM Pd(OAc)2 and 24 mM phosphine (premixed for 50 min) (23 pL).
The reaction mixtures were incubated for 1 h at 37 °C. Fluorescence was measured (excitation 525

nm, emission 540-610 nm).
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Substrate scope of deallylation based on the sterics of the alkene. A solution of 11.1
UM probe in 1% DMSO/DMEM/25 mM phosphate pH 7 buffer (10 % FBS) (207 uL) was treated
with premixed 190 uM Pd(OAc). and 24 mM phosphine (premixed for 50 min) (23 uL). The
reaction mixtures were incubated for 1 h at 37 °C. Fluorescence was measured (excitation 525 nm,

emission 540-610 nm).
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Appendix A.2.2 Raw Data Tables

Table 6. Raw data for Figure 20 (dealylation and depropargylation with and without serum).

Fluorescence (a.u.)

DMEM DMEM 10% FBS
RAE/TFP/Pd 60971 68240 63600 36434 32858 23969
RAE/TFP 3453 3507 3527 3495 3742 2271
RAE/Pd 3500 3670 3491 3966 4352 3319
RAE 3476 3541 3456 3911 4229 2583
RPE/TFP/Pd 5341 5716 5591 3895 4613 2667
RPE/TFP 4729 4876 4842 3797 3952 2221
RPE/Pd 4702 4900 4671 4979 4838 2464
RPE 4676 4809 4637 4882 5061 3820

Table 7. Calculated %oyield for Figure 20 (dealylation and depropargylation with and without serum).

RAE/DMEM RAE/DMEM RPE/DMEM RPE/DMEM
(10% FBS) (10% FBS)
0mM TFP 0.00 000 0.00| 0.00 0.00 0.00| 000 0.00 0.00| 000 0.00 0.00
4O0mMTFP | 570 649 598 | 460 406 299| 000 0.00 0.00| 0.00 0.00 0.00
Table 8. Raw data for Figure 21 (the rate of deallylation in phosphate buffer).
Fluorescence (a.u.)
Time TFP TFP-(CH20H):1 TFP-(CH20H)2
(min)
0| 2252 2738 2724 7447 7812 7651 | 30016 27887 30033
10 | 11026 13191 12778 | 33818 33404 31451 | 87240 84427 84212
20 | 17626 22779 20688 | 53848 54716 52651 | 102025 101147 99474
30 | 24076 31979 30509 | 69040 69333 66698 | 109262 109849 105895
40 | 32257 40403 39823 | 79601 79647 76403 | 111679 112883 107076
50 | 40348 49355 49054 | 87848 87875 84061 | 113220 115015 109406
60 | 48539 58104 58164 | 94543 94634 89798 | 113256 115907 109985
70 | 56169 66814 66726 | 99655 100880 95299 | 113276 116402 110149
80 | 63583 74650 74588 | 103312 105198 99251 | 113386 117068 110227
90 | 70422 82523 82597 | 106591 108703 102124 | 113707 117140 110209
100 | 77298 90113 89817 | 107550 111132 103677 | 114033 117046 110101
110 | 84035 96864 96381 | 107660 112618 104211 | 114372 117222 109682
120 | 90382 103533 102724 | 107382 113495 104119 | 114688 117134 109409
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Table 9. Raw data for Figure 21 (the rate of deallylation in phosphate buffer) continued.

Fluorescence (a.u.)

Time TFP-(CH20H)3 No ligand
(min)

0| 13791 14150 15209 50 44 67
10| 70019 73343 74297 | 163 93 119
20 | 97207 99266 98260 | 248 175 153
30 | 108413 110265 107958 | 332 237 204
40 | 113292 114833 111378 | 409 305 247
50 | 115058 116753 110177 | 489 354 290
60 | 115884 114131 115373 | 571 406 340
70 | 118824 119784 116391 | 648 478 384
80 | 119531 121168 116413 | 723 548 424
90 | 119793 121452 116454 | 795 623 475

100 | 119775 121241 116357 | 853 665 520
110 | 119650 121636 116159 | 909 711 558
120 | 119594 121649 115756 | 949 754 605

Table 10. Calculated %oyield for Figure 21 (the rate of deallylation in phosphate buffer).

Time TFP TFP-(CH20H)1 TFP-(CH20H)2
(min)

0 0 0 0 1.18 1.27 1.23 7.02 6.47 7.03
10 2.10 2.66 2.56 8.01 7.90 7.39 21.84 21.11 21.05
20 3.81 5.15 4.61 13.19 13.42 12.88 25.67 25.44 25.01
30 5.48 7.53 7.15 17.13 17.20 16.52 27.54 27.69 26.67
40 7.60 9.71 9.56 19.86 19.87 19.03 28.17 28.48 26.97
50 9.70 12.03 11.95 22.00 22.00 21.02 28.57 29.03 27.58
60 11.82 14.29 14.31 23.73 23.75 22.50 28.57 29.26 27.73
70 13.79 16.55 16.53 25.05 25.37 23.93 28.58 29.39 27.77
80 15.71 18.58 18.56 26.00 26.49 24.95 28.61 29.56 27.79
90 17.48 20.62 20.64 26.85 27.40 25.69 28.69 29.58 27.79

100 19.26 22.58 22.51 27.10 28.02 26.09 28.78 29.56 27.76
110 21.01 24.33 24.21 27.13 28.41 26.23 28.86 29.60 27.65
120 22.65 26.06 25.85 27.05 28.64 26.21 28.95 29.58 27.58
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Table 11. Calculated %oyield for Figure 21 (the rate of deallylation in phosphate buffer) continued.

Time TFP-(CH20H)3 No ligand
(min)
0 2.82 2.91 3.19 0.00 0.00 0.00
10 17.38 18.24 18.49 0.00 0.00 0.00
20 24.42 24.95 24.69 0.00 0.00 0.00
30 27.32 27.80 27.20 0.00 0.00 0.00
40 28.58 28.98 28.09 0.00 0.00 0.00
50 29.04 29.48 27.78 0.00 0.00 0.00
60 29.26 28.80 29.12 0.00 0.00 0.00
70 30.02 30.27 29.39 0.00 0.00 0.00
80 30.20 30.62 29.39 0.00 0.00 0.00
90 30.27 30.70 29.40 0.00 0.00 0.00
100 30.26 30.64 29.38 0.00 0.00 0.00
110 30.23 30.74 29.33 0.00 0.00 0.00
120 30.22 30.75 29.22 0.00 0.00 0.00
Table 12. Raw data for Figure 21 (the rate of depropargylation in phosphate buffer).
Fluorescence (a.u.)
Time TFP TFP-(CH20H):1 TFP-(CH20H)2
(min)
0 54 63 0 189 162 57 1746 1734 1581
10 1048 995 610 1978 1827 2234 36137 37240 35303
20 4672 4560 3262 4675 5513 5169 59454 58064 57388
30 10633 9926 7421 9466 10875 11950 65657 64842 64458
40 16104 16093 13938 16792 17874 18999 69134 68619 68057
50 21253 21610 19640 25659 27999 26453 70911 70433 69551
60 25557 25818 24031 32629 36520 34815 71851 71348 70476
70 29219 29671 27815 41314 44404 43279 72425 71776 70987
80 32056 32749 31409 48406 51006 50282 72426 72166 71472
90 34308 35209 34251 53788 56382 55284 72410 72211 71725
100 36465 37451 36801 57568 60695 58950 72386 72323 71857
110 38554 39379 38991 60852 63469 61833 72290 72155 71904
120 40120 40966 41090 62822 65592 63891 72219 72130 71934
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Table 13. Raw data for Figure 21 (the rate of depropargylation in phosphate buffer) continued.

Fluorescence (a.u.)

Time TFP-(CH20H)3 No ligand
(min)
0 857 636 607 153 201 87
10 12534 12256 12172 714 896 896

20 50387 49698 48256 1733 2257 2302
30 66617 65473 65774 3084 3874 3950
40 71636 71037 71331 4525 5556 5894
50 75164 75108 75406 5986 7198 7939
60 77598 77584 78131 7325 8847 9478
70 78706 78908 79570 8632 10432 11258
80 79329 79670 80418 9885 11872 12359
90 79813 80124 81146 11095 13238 13770
100 80053 80549 81472 12204 14477 14927
110 80277 80742 81723 13274 15615 16168
120 80424 80870 81874 14220 16638 17068

Table 14. Calculated %oyield for Figure 21 (the rate of depropargylation in phosphate buffer).

Time TFP TFP-(CH20H)1 TFP-(CH20H)2
(min)

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00 0.00 8.61 8.89 8.39
20 0.46 0.43 0.09 0.46 0.68 0.59 14.64 14.28 14.11
30 2.00 1.82 1.17 1.70 2.06 2.34 16.25 16.04 15.94
40 3.42 3.42 2.86 3.60 3.88 4.17 17.15 17.02 16.87
50 4.75 4.84 4.33 5.89 6.50 6.10 17.61 17.49 17.26
60 5.87 5.93 5.47 7.70 8.71 8.26 17.85 17.72 17.50
70 6.81 6.93 6.45 9.95 10.75 10.46 18.00 17.83 17.63
80 7.55 7.73 7.38 11.78 12.46 12.27 18.00 17.94 17.76
90 8.13 8.37 8.12 13.18 13.85 13.56 18.00 17.95 17.82

100 8.69 8.95 8.78 14.16 14.96 14.51 17.99 17.98 17.86
110 9.23 9.45 9.35 15.01 15.68 15.26 17.97 17.93 17.87
120 9.64 9.86 9.89 15.52 16.23 15.79 17.95 17.93 17.88
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Table 15. Calculated %yield for Figure 21 (the rate of depropargylation in phosphate buffer) continued.

Time TFP-(CH20H)3 No ligand
(min)
0 0.00 0.00 0.00 0.00 0.00 0.00
10 2.49 2.42 2.40 0.00 0.00 0.00
20 12.30 12.12 11.74 0.00 0.00 0.00
30 16.50 16.20 16.28 0.05 0.25 0.27
40 17.80 17.64 17.72 0.42 0.69 0.78
50 18.71 18.70 18.77 0.80 111 1.30
60 19.34 19.34 19.48 1.15 1.54 1.70
70 19.63 19.68 19.85 1.48 1.95 2.16
80 19.79 19.88 20.07 181 2.32 2.45
90 19.92 20.00 20.26 2.12 2.68 2.81
100 19.98 20.11 20.34 2.41 3.00 3.11
110 20.04 20.16 20.41 2.69 3.29 3.44
120 20.07 20.19 20.45 2.93 3.56 3.67

Table 16. Raw data for Figure 22 (deallylation and depropargylation without Pd and phosphine premixing).

Fluorescence (a.u.)

Pd No Pd
RAE RPE RAE RPE

TFP 17000 14926 19013 | 286 225 280 | 241 244 218 | 237 294 283

5 4 4 7 8 7 8 8 4

TFP- 9745 8462 5863 | 211 240 228 | 323 289 265 | 262 271 234

(CH20H) 5 4 5 3 3 6 7 7 3
1

TFP- 4672 7103 7308 | 256 226 296 | 254 289 249 | 262 293 283

(CH20H) 0 4 9 2 7 9 8 1 3
2

TFP- 4531 3938 5153 | 299 274 175| 182 203 179 | 251 195 179

(CH20H) 1 8 9 1 3 0 0 3 2
3

Noligand | 2843 2534 3135 | 348 185 183 | 250 157 175| 253 291 225

7 5 5 1 4 0 6 9 7

Table 17. Calculated %oyield for Figure 22 (deallylation and depropargylation without Pd and phosphine

premixing).
RAE | RPE [ |
TFP 9.86 8.35 11.47 0 0O
TFP-(CH20H)1 | 4.07 3.40 1.70% 0 0O
TFP-(CH20H)2 | 0.93* 242 285 0 0O
TFP-(CH20OH)s | 1.35 0.77 1381 0 0O
No ligand 0.00 0.09 0.40 0 0 O
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Table 18. Raw data for Figure 22 (deallylation and depropargylation with Pd and TFP premixing).

Fluorescence (a.u.)
RAE RPE
TFP 2310 4007 7167 | 1284 1028 0
TFP-(CH20H)1 | 84474 52031* 75790 | 3001 3412 2970
TFP-(CH20H)2 | 25625 20406 21297 0 587 0
TFP-(CH20OH)s | 10981 10247 10392 | 590 397 451
No ligand 0 0 332 | 2179 2401 0

Table 19. Calculatd %yield for Figure 22 (deallylation and depropargylation with Pd and TFP premixing).

RAE RPE

TFP 2.12 455 9.08 | 0.65 0.28 0.00
TFP-(CH20H): | 100.00 73.40 100.00 | 3.11 3.70 3.07
TFP-(CH20H)2 | 35.55 28.06 29.34 | 0.00 0.00 0.00
TFP-(CH20H)s | 14.55 13.50 13.71 | 0.00 0.00 0.00
No ligand 0.00 0.00 0.00 | 1.93 2.25 0.00

Table 20. Raw data for Figure 22 (the optimal concentration of TFP and mono-hydroxyethyl-TFP at 37 °C in

DMEM with 10% BCS).

Fluorescence (a.u.)

[phoosphine] uM | TFP TFP-(CH20H):1

200 | 1612 2838 1460 | 66034 58112 76013
142 589 3595* 4481 | 126052 62744* 102894
102 | 1786 323 1697* | 47936 53967 43099
72 | 13242 7070 7186 | 11814 7699 16161
52 | 5207 4838 2845 3445 4094 5782
0 0 176 204 0 318 0
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Table 21. Raw data for Figure 23 (deallylation in the presence of second generation of phosphines in DMEM

with serum).

Fluorescence (a.u.)

RAE
Time TFP iPhos1 Me-iPhos1 3-iPhos1
(min)

0| 170 157 182 | 1686 1522 1886 | 1764 1733 1700 | 1494 1712 1756

4 2 3
21 179 181 253 | 4141 3601 6232 | 2322 2564 2815 | 1174 8970 2079
3 7 1 7 0
12| 199 209 272 | 1025 8209 1186 | 5279 5384 9134 | 2219 2477 3116
3 4 3 2 0 2 8 6
22| 214 222 301 | 1573 1225 1669 | 8310 1042 1192 | 2740 3165 3398
1 5 7 1 7 9 4 2 6 5 5
32| 228 240 323 | 1993 1551 2088 | 1081 1351 1564 | 3053 4057 3822
1 6 9 8 9 7 5 3 6 6 0 8
42 | 238 253 339 | 2740 1995 2435 | 1506 1660 1846 | 3858 4546 4246
7 9 8 6 8 4 1 5 5 2 3 4
52 | 250 286 351 | 3484 2397 2760 | 1883 1962 1954 | 4370 4913 4648
6 1 5 1 7 1 4 0 9 6 4 9
62| 262 312 364 | 4026 3173 3085 | 2319 2234 2284 | 5356 5268 5029
9 8 5 1 3 8 3 6 7 8 3 2
72| 279 346 378 | 4523 3798 4058 | 2920 2524 2615 | 5760 5569 4401
3 3 8 7 1 7 8 1 3 9 2 2
82| 290 374 394 | 5009 4302 4408 | 3353 2820 2945 | 6110 5872 6199
6 8 7 5 0 5 4 9 2 3 9 5
92 | 300 396 382 | 5439 4796 4732 | 3772 3123 3271 | 6441 6149 6613
6 6 3 0 8 5 4 5 9 1 4 3
102 | 319 410 396 | 5879 5355 5037 | 4168 3455 3597 | 6724 6374 6898
7 5 3 9 7 2 2 0 7 7 9 5
112 | 340 426 407 | 6187 5686 5335 | 4549 3758 3915 | 6990 6616 7162
4 5 2 0 8 0 5 3 3 0 6 2
122 | 341 438 419 | 6433 6061 5624 | 4900 4056 4233 | 7239 6550 7408
6 2 6 9 1 6 3 4 8 2 9 0
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Table 22. Raw data for Figure 23 (deallylation in the presence of second generation of phosphines in DMEM

with serum) continued.

Fluorescence (a.u.)

Time Me-3-iPhos1 iPhos2 iPhos3 None
(min)

0| 1704 1644 1723 | 1591 1624 1573 | 1745 1504 1745 | 208 181 189
9 6 5
2| 5336 5296 9866 | 7183 8151 1106 | 4263 3324 4393 | 164 165 177
7 8 2 8
12 | 1054 1033 1651 | 1004 1382 1444 | 7639 5471 1266 | 176 180 188
2 0 5 3 5 8 2 4 0 7
22 | 1409 1409 2054 | 1133 1602 1561 | 1055 5957 1566 | 208 198 199
7 3 7 0 9 2 2 9 4 3 5
32| 1707 1685 2403 | 1272 1664 1662 | 1149 7431 1584 | 288 205 203
6 5 6 8 1 6 4 5 1 1 8
42 | 1931 1942 2690 | 1505 1738 1757 | 1235 1243 1652 | 288 216 214
5 1 0 7 7 1 1 8 4 8 9 3
52 | 2234 2158 2923 | 1731 1827 1844 | 1290 1379 1444 | 253 218 222
9 2 9 0 5 5 5 2 8 9 3 7
62 | 2331 2343 3125 | 1846 1910 1930 | 1299 1431 1487 | 253 227 226
5 6 6 8 5 1 2 1 7 7 2 0
72 | 2562 2603 3298 | 1932 1991 1979 | 1340 1594 1525 | 252 233 222
5 2 9 2 9 3 9 4 6 4 4 2
82 | 2766 2761 3450 | 2012 2063 2056 | 1378 1660 1561 | 250 235 224
0 7 6 9 4 7 2 1 0 9 9 0
92 | 2902 2927 3580 | 2149 2130 2133 | 1415 1505 1595 | 249 242 304
8 0 5 0 3 9 8 9 0 1 6 0
102 | 3053 3127 3703 | 2288 2206 2207 | 1441 1540 1625 | 247 246 307
6 5 7 5 8 3 8 0 5 2 9 1
112 | 3220 3233 3809 | 2392 2271 2280 | 1469 1575 1654 | 245 251 310
8 8 6 7 1 2 4 9 7 3 5 1
122 | 3360 3546 3905 | 2488 2333 2348 | 1498 1608 1681 | 243 255 312
8 9 2 8 9 5 7 4 6 0 3 6
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Table 23. Calculated %oyield for Figure 23 (deallylation in the presence of second generation of phosphines in

DMEM with serum).
Time TFP iPhos1 Me-iPhos1 3-iPhos1
(min)
0| 00 00 00| 0.00 000 0.00| 0.00 0.00 0.00 0.00 0.00 0.00
0 0 0
2| 0.0 00 00| 475 397 7.74| 0.00 248 284 | 1565 116 28.61
0 0 0 7
12| 00 00 27| 135 105 158 | 6.38 6.53 11.9| 30.62 343 43.49
0 0 1 1 8 1 0 3
22| 00 00 31| 213 163 22.7| 107 13.7 159 | 38.10 441 4753
0 0 3 6 8 5 2 5 0 9
32| 00 00 34| 273 210 287| 143 181 21.2| 4259 569 5362
0 0 5 9 6 5 1 8 4 7
42| 00 00 36| 381 274 337| 204 226 252 | 5412 639 59.69
0 0 8 0 2 2 0 1 8 9
52| 00 29 38| 487 331 383| 258 269 26.8| 6147 69.2 65.46
0 1 5 6 8 8 1 4 4 5
62| 25 32 40| 565 443 43.0| 320 308 315| 7561 743 7091
8 9 3 3 0 5 6 5 6 4
72| 28 37 42| 636 532 57.0| 406 350 36.3| 8140 78.6
1 7 4 6 6 0 8 0 0 5
82| 29 41 44| 706 604 62.0| 468 39.2 410 86.41 83.0 87.69
7 8 7 3 9 1 9 5 3 1
92| 31 44 42| 767 675 66.6| 528 435 457 | 91.15 869 93.62
2 9 9 9 8 6 9 9 2 7
102 | 33 46 44| 831 755 71.0| 585 483 50.3| 9522 90.2 97.71
9 9 9 1 9 3 7 4 9 0
112 | 36 49 46| 875 803 753| 640 526 549 | 99.02 936 1014
9 2 5 1 4 0 3 9 4 7 9
122 | 3.7 50 48| 91.0 857 794 | 69.0 56.9 595 | 102.6 92.7 105.0
1 9 2 5 1 5 6 6 1 0 3 2
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Table 24. Calculated %oyield for Figure 23 (deallylation in the presence of second generation of phosphines in

DMEM with serum) continued.

Time (min) Me-3-iPhos1 iPhos2 iPhos3 None

0| 000 000 O000| 000 000 0.00| 000 0.00 0.00

2| 646 640 1295| 9.11 1049 1467 | 492 357 511
12 |1 13.92 13.62 22.49 | 1321 18.63 1952 | 9.76 6.65 16.96
22 119.02 19.01 28.27 | 15.05 21.79 21.19 |13.94 7.35 21.27
32| 23.29 2297 33.27|17.06 22.67 22.64| 1529 946 21.53
42 | 26.50 26.65 37.37 | 2040 23.74 24.00 | 16.52 16.64 22.50
52 | 30.85 29.75 40.73 | 23.63 25.01 25.25|17.31 1858 19.52
62 | 32.23 32.41 43.62 | 25.29 26.20 26.48 | 17.43 19.33 20.14
72 | 35,55 36.13 46.10 | 26,51 27.37 27.19 | 18.03 21.67 20.68
82 | 38.46 38.40 48.28 | 27.67 28.39 28.30 | 1857 2261 21.19
92 | 40.43 40.77 50.14 | 29.62 29.35 29.40 | 19.11 20.40 21.68
102 | 42.59 43.65 5191 | 31.62 30.45 30.45|19.48 20.89 22.11
112 | 4498 45.17 53.43 | 33.11 31.37 31.50 | 19.87 21.40 22.53
122 | 46.99 49.66 54.80 | 34.49 32.27 32.48 | 20.30 21.87 22.92

o

[eNeoNoNeoNeoNoNoNoNoNoloNoNoNe]
[cNeoNoNoNeoNolNoNolNoNolNoNelNo)
[cNeoNeoNeoNeoNoNoNoNolNoloNolNolNo]

Table 25. Raw data for Figure 23 (depropargylation in the presence of second generation of phosphines in

DMEM with serum).

Fluorescence (a.u.)

Time (min) TFP iPhos1 Me-iPhos1 3-iPhosl

0| 1417 1362 2722 | 1407 1660 2669 | 2477 2785 2476 | 1421 1569 1539

2| 1399 1479 1367 | 1519 1405 1555 | 1663 1441 1559 | 2323 2429 2439
12 | 1560 1583 1616 | 2094 2054 1700 | 2944 1982 1729 | 5784 3856 3588
22 | 1638 1843 1578 | 2170 2160 1768 | 3025 2766 1875 | 7541 4774 4591
32 | 2663 1859 1575 | 2964 3191 2099 | 3082 3113 2228 | 9296 5317 5094
42 | 2781 2389 1607 | 3444 3819 2132 | 2908 3214 2221 | 8910 6179 5248
52 | 2776 2536 1607 | 3706 4059 2294 | 2982 3297 2276 | 9318 6535 5338
62 | 2730 2711 1715|3970 4359 2314 | 3052 3372 2576 | 9616 6943 5774
72 | 2764 2838 1775 | 4162 4595 2532 | 3119 3447 2994 | 9805 7302 5978
82 | 2748 2965 1911 | 4334 4765 2655 | 3183 3517 3401 | 10004 12232 6118
92 | 2748 3045 2054 | 4486 4825 2669 | 3241 3578 3679 | 10179 12575 6295
102 | 2753 3052 2144 | 4606 4925 3103 | 3300 3640 3851 | 10347 12714 6578
112 | 2755 3072 2229 | 4715 4992 4119 | 3354 3698 3968 | 10456 12812 6670
122 | 2758 3071 2427 | 4821 5079 4244 | 3406 3754 4103 | 10553 12903 6784
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Table 26. Raw data for Figure 23 (depropargylation in the presence of second generation of phosphines in

DMEM with serum) continued.

Fluorescence (a.u.)

Time (min) Me-3-iPhos1 iPhos2 iPhos3 None

0| 1431 1346 1669 | 1386 1655 1289 | 1699 1773 1714|1851 1776 1831

2| 1485 1449 1414 | 1548 1890 1752 | 1514 1512 1608 | 1847 1860 1673
12 | 2381 2019 2063 | 2106 2075 2032 | 2686 1761 1693 | 1863 1954 1758
22 | 4299 3481 2761 | 3257 2104 2133 | 3027 1805 1945 | 1884 1855 1727
32 | 5221 5322 3302 | 3386 2068 2208 | 3166 1919 2317 | 1953 1786 1757
42 | 5879 6346 3694 | 3609 3507 2352 | 3214 1996 2884 | 1921 1877 1860
52 | 6395 7496 4169 | 3387 3315 2521 | 3244 2152 3199 | 1920 1916 1957
62 | 6803 7761 4477 | 3416 3450 2662 | 3229 2500 3345|1928 1950 2011
72 | 7160 8235 4900 | 3238 3564 2794 | 3198 3308 3472 | 1931 1918 2135
82 | 7486 8544 5078 | 3262 3601 3082 | 3186 3328 3519 | 1957 1575 2353
92 | 7771 8855 5163 | 3288 3622 3321 | 3105 3337 3548 | 2010 1652 2577
102 | 8027 9101 5380 | 3309 3627 3439 | 3100 3342 3560 | 2008 1674 2754
112 | 8261 9153 5579 | 3313 3624 3575 | 3097 3346 3630 | 2030 2623 2902
122 | 8469 9296 5978 | 3312 3622 3843 | 3093 3332 3671 | 2052 2990 2994

Table 27. Calculated %oyield for Figure 23 (depropargylation in the presence of second generation of

phosphines in DMEM with serum).

Time (min) TFP iPhos1 Me-iPhos1 3-iPhosl

0|0.00 0.00 0.00|0.00 000 0.00|0.00 0.00 0.00|0.00 0.00 0*
2|0.00 0.00 0.00|0.00 000 0.00(000 0.00 0.00]|0.00 0.00 0*
12| 0.00 0.00 0.00|0.00 0.00 0.00|0.31 000 0.00]|262 1.05 0.83*
22 | 0.00 0.00 0.00|0.00 0.00 0.00|0.38 0.16 -0.56*|4.05 1.80 1.65*
32| 0.08 0.00 0.00|033 051 0.00|042 045 -0.27*|5.48 224 2.06*
421 0.18 0.00 0.00|0.72 102 0.00|0.28 0.53 -0.28*|5.17 294 2.18*
52| 0.17 0.00 0.00|093 122 0.00|0.34 0.60 -0.23*|550 3.23 2.26*
62| 014 0.12 0.00|1.14 146 0.00|040 066 0.01]|574 356 2.61*
72016 022 000|130 165 0.00|045 0.72 035|589 386 2.78*
821|015 033 000|144 179 0.07|050 0.78 0.68|6.06 7.87 2.89*
921015 039 000|156 184 0.09|055 083 091]|6.20 8.15 3.04*
102 | 0.15 0.40 0.00|1.66 192 0.44|0.60 0.88 1.05| 6.34 826 3.27*
112 | 0.16 041 0.00|1.75 198 1.27|0.64 0.92 114 | 6.42 8.34 3.34*
122 | 0.16 041 0.00|1.84 205 1.37|0.69 0.97 125 | 6.50 8.42 3.44*
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Table 28. Calculated %oyield for Figure 23 (depropargylation in the presence of second generation of

phosphines in DMEM with serum) continued.

Time (min)

Me-3-iPhos1

iPhos2

iPhos3

None

0

2
12
22
32
42
52
62
72
82
92
102
112
122

0.00
0.00
0.00
1.41
2.16
2.70
3.12
3.45
3.74
4.01
4.24
4.45
4.64
4.81

0.00
0.00
0.00
0.75
2.25
3.08
4.01
4.23
4.62
4.87
5.12
5.32
5.36
5.48

0*

0*

0*
0.16*
0.60*
0.92*
1.31*
1.56*
1.90*
2.05*
2.12*
2.29*
2.45%
2.78*

0.00
0.00
0.00
0.56
0.67
0.85
0.67
0.69
0.55
0.57
0.59
0.61
0.61
0.61

0.00
0.00
0.00
0.00
0.00
0.77
0.61
0.72
0.81
0.84
0.86
0.87
0.86
0.86

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.19
0.42
0.62
0.71
0.82
1.04

0.00
0.00
0.10
0.38
0.49
0.53
0.55
0.54
0.52
0.51
0.44
0.44
0.43
0.43

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.61
0.62
0.63
0.63
0.64
0.63

0.00
0.00
0.00
0.00
0.00
0.26
0.52
0.64
0.74
0.78
0.80
0.81
0.87
0.90

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Table 29. Raw data for Figure 24 (decaging reactions with second-generation phosphines without premixing).

Fluorescence (a.u.)

Pd No Pd
Phosphin RAE RPE RAE RPE
e
iPhos1 1696 17995 8957 | 175 184 172 | 1809 2326 3085 | 2585 2440 1702
3 8 7 6
Me- 2400 23723 2518 | 337 299 363 | 3070 2151 1734 | 1676 2381 1615
iPhos1 1 6 9 4 2
3iPhos1 1853 19864 2001 | 414 427 250 | 1651 1719 1691 | 1544 1332 1477
8 1 3 7 9
Me- 1399 14983 1134 | 175 174 260 | 2941 2166 1582 | 1352 1478 1461
3iPhos1 0 3 7 0 8
Noligand | 2484 3074 3176 | 219 207 239 | 1687 1536 1699 | 2255 1866 3047
4 9 3
TFP 1700 14926 1901 | 286 225 280 | 2417 2448 2187 | 2378 2948 2834
0 3 5 4 4
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Table 30. Calculated %oyield for Figure 24 (decaging reactions with second-generation phosphines without

premixing).

Phosphine RAE RPE

iPhos1 11.56 12.30 5.83 0.66 0.73 0.64
Me- 16.61 16.41 17.46 1.83 1.55 2.01
iPhos1

3iPhos1 12.69 13.64 13.75 2.37 2.47 1.20
Me- 9.43 10.14 7.54 0.66 0.65 1.27
3iPhos1

No ligand 1.19 1.61 1.68 0.98 0.89 1.12
TFP 11.59 10.10 13.03 1.46 1.02 141

Table 31. Raw data for Figure 25 (reactivation of palladium-phosphine complexes with additional

phosphine).

Fluorescence (a.u.)

Time (min) Cl2Pd(iPhos1): Cl2Pd(3-iPhos1)

0| 1545 1566 2251 | 1484 2108 2288

2| 2645 2474 2601 | 2473 2693 2536

73062 2873 3016 | 2635 2858 2707
12 | 3312 3102 3274 | 2725 2928 2791
17 | 3491 3261 3446 | 2724 2966 2845
22 | 3629 3379 3572 | 2773 3004 2886
27 | 3734 3466 3671 | 2818 3031 2924
32 | 3821 3535 3743 | 2855 3061 2958
37 | 3893 3589 3801 | 2887 3083 2991
42 | 3951 3634 3844 | 2921 3038 3019
47 | 4002 3672 3886 | 2949 3056 3046
52 | 4047 3705 3918 | 2977 3076 3073
57 | 4086 3729 3948 | 3005 3093 3099
62 | 4122 3754 3974 | 3031 3111 3122
65 | 4122 3754 3974 | 3031 3111 3122
70 | 4155 3852 4006 | 3084 3146 3163
75| 4171 3881 3999 | 3118 3162 3185
80 | 4179 3699 3999 | 3135 3182 3203
85| 4189 3691 3998 | 3152 3196 3217
90 | 4201 3758 3986 | 3166 3206 3233
95 | 4209 3743 3982 | 3177 3215 3245
100 | 4220 3719 3981 | 3186 3223 3293
105 | 4227 3721 3981 | 3192 3226 3303
110 | 4235 3726 3979 | 3197 3230 3311
115 | 4242 3727 3978 | 3201 3234 3319
120 | 4246 3729 3978 | 3205 3238 3329
125 | 4256 3732 3981 | 3211 3241 3468
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Table 32. Raw data for Figure 25 (deallylation with premixed palladium-phosphine complexes and additional

phosphines).

Fluorescence (a.u.)

Time Premixed Pd(OAc)z and Premixed Pd(OAc)z and Premixed Pd(iPhos1)2Cl2
(min) iPhos1 3iPhosl1 and iPhos1
0 0 0 0 0 0 0 0 0 0

2 3439 3117 3371 15530 16301 16167 2685 1772 2582
7 7731 6937 7468 36750 38394 37524 3401 2251 3248
12 11910 10560 11483 44950 46748 45537 3968 2614 3787
17 16080 14220 15463 50833 52976 51479 4438 2921 4231
22 20046 17862 19338 55863 58450 56514 4873 3208 4642
27 23851 21384 23101 60307 63416 61010 5283 3208 5034
32 27529 24810 26717 64247 67799 64949 5684 3398 5398
37 31188 28195 30260 67696 71695 68328 6075 5071 5764
42 34700 31470 33706 70581 74975 71197 6458 5211 6124
47 38072 34634 37068 72936 77679 73521 6826 5381 6476
52 41252 37628 40234 74816 79897 75455 7181 5539 6818
57 44154 40182 43155 76310 81699 76952 7532 5673 7135
62 46446 42064 45416 77490 83067 78138 7799 5807 7407

Table 33. Raw data for Figure 25 (deallylation with premixed palladium-phosphine complexes and additional

phosphines) continued.

Fluorescence (a.u.)

Time Premixed Pd(3iPhos1)2Cl2 Pd(iPhos1)2Cl2 Pd(3iPhos1)2Cl2
(min) and 3iPhos1
0 0 0 0 0 0 0 0 0 0

2 6020 6784 7005 3177 3389 3176 3311 3609 3290
7 9583 10600 11228 3740 3978 3724 3564 3873 3544
12 11695 12864 13582 4134 4381 4114 3766 4076 3747
17 13492 14740 15721 4413 4387 4413 3826 4259 3920
22 15198 16525 17623 4636 4505 4635 4002 4443 4095
27 16840 18328 19284 4817 4677 4819 4176 4624 4269
32 18432 19992 20554 4963 4812 4968 4354 4812 4445
37 20012 21592 21427 5084 4928 5087 4535 5000 4624
42 21534 23139 22227 5190 5022 5189 4720 5189 4807
47 23000 24649 23030 5279 5099 5278 4909 5380 4991
52 24416 26080 23680 5364 5168 5353 5089 5573 5168
57 25662 27342 24113 5437 5231 5420 5275 5764 5351
62 26728 28338 24381 5503 5284 5477 5453 5947 5532
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Table 34. Raw data for Figure 26 (the correlation between palladium concentrations and optimal 3iPhos1

concentrations).

Fluorescence (a.u.)

[3Phos1l]uM | 300 | 214 [ 153 | 109 | 781|558 39.8]| 285] 203 145]104] O
[Pd(OAC)2]
uM

20| 768 1065 1923 2106 1195 378 234 154 144 962 831 54

8 0 8 2 9 0 2 2 5 0

10 | 624 6839 9111 1018 9782 726 289 149 229 117 884 44

2 5 1 1 3 3 8 2

5| 242 3081 3411 4921 5482 496 415 152 214 111 795 59

5 2 4 4 5 1 4

25| 166 1766 1987 2556 2577 292 262 219 192 177 108 50

1 6 5 2 2 5 9 4

0| 536 521 563 551 564 542 567 568 568 568 571 55

1
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Table 35. Raw data for Figure 27 (kinetics of palladium catalyzed deallylation).

Fluorescence (a.u.)

Time (s)

10 uM Pd

5uM Pd

2.5 uM Pd

1.25uM Pd

10

20

30

40

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300

177
1937
2148
2351
2514
2653
2783
2905
3020
3125
3223
3310
3395
3479
3552
3628
3697
3765
3831
3895
3958
4023
4085
4146
4205
4265
4322
4377
4430
4486
4538

187
1953
2167
2338
2489
2630
2755
2867
2971
3065
3153
3237
3313
3390
3461
3529
3595
3660
3723
3784
3844
3903
3961
4018
4073
4129
4183
4235
4286
4338
4386

169
1700
1891
2055
2199
2328
2446
2558
2658
2756
2846
2933
3017
3098
3174
3250
3322
3392
3462
3532
3599
3666
3731
3792
3853
3913
3969
4024
4075
4128
4176

177
1116
1231
1328
1411
1481
1545
1601
1655
1708
1757
1805
1851
1897
1940
1984
2024
2064
2104
2144
2182
2221
2258
2296
2332
2370
2406
2442
2476
2511
2544

187
1168
1278
1370
1450
1523
1587
1645
1699
1750
1795
1843
1886
1933
1975
2016
2059
2099
2139
2180
2218
2257
2295
2334
2371
2410
2445
2481
2516
2552
2587

169
1113
1219
1309
1391
1463
1530
1590
1644
1696
1744
1789
1833
1877
1916
1957
1996
2034
2072
2109
2145
2181
2217
2253
2287
2323
2357
2391
2424
2458
2492

177

799

843

882

916

944

971

996
1019
1041
1063
1083
1103
1122
1140
1157
1174
1191
1208
1225
1241
1257
1273
1288
1304
1320
1334
1349
1363
1377
1391

187

763

817

861

897

927

955

978
1000
1023
1045
1065
1086
1107
1124
1144
1163
1180
1198
1216
1233
1250
1268
1285
1301
1320
1336
1353
1369
1385
1401

169
739
787
828
861
890
917
940
964
985
1008
1028
1048
1067
1084
1104
1121
1137
1156
1172
1188
1205
1220
1238
1253
1270
1286
1301
1315
1332
1347

177
429
452
470
484
496
507
516
524
532
540
546
553
560
566
573
579
585
590
596
602
607
613
618
623
629
634
639
644
649
653

187
572
598
616
631
644
656
665
675
683
691
698
705
712
718
725
731
737
743
750
755
760
765
770
775
780
785
789
794
799
804

169
570
596
616
632
646
657
667
676
685
693
701
709
717
724
731
738
744
751
757
763
769
775
781
786
792
797
802
808
813
818
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Table 36. Calculated [resorufin] pM for Figure 27 (kinetics of palladium catalyzed deallylation).

Time 10 uM Pd 5 uM Pd

(s)
0| 0.0343 0.0372 0.0319 | 0.0343 0.0372 0.0319
10 | 0.5403 0.5449 0.4722 | 0.3042 0.3192 0.3033
20 | 0.6010 0.6064 0.5271 | 0.3374 0.3508 0.3338
30 | 0.6593 0.6556 0.5743 | 0.3653 0.3773 0.3599
40 | 0.7061 0.6991 0.6157 | 0.3889 0.4003 0.3833
50 | 0.7461 0.7395 0.6527 | 0.4091 0.4212 0.4040
60 | 0.7835 0.7756 0.6868 | 0.4276 0.4397 0.4234
70 | 0.8186 0.8077 0.7190 | 0.4438 0.4563 0.4404
80 | 0.8517 0.8377 0.7478 | 0.4592 0.4720 0.4561
90 | 0.8818 0.8645 0.7757 | 0.4744 0.4864 0.4710
100 | 0.9099 0.8898 0.8017 | 0.4887 0.4995 0.4848
110 | 0.9351 0.9142 0.8267 | 0.5023 0.5132 0.4976
120 | 0.9597 0.9359 0.8509 | 0.5155 0.5258 0.5103
130 | 0.9838 0.9580 0.8742 | 0.5289 0.5391 0.5230
140 | 1.0047 0.9784 0.8959 | 0.5412 0.5511 0.5344
150 | 1.0264 0.9981 0.9179 | 0.5537 0.5631 0.5462
160 | 1.0462 1.0171 0.9384 | 0.5652 0.5755 0.5573
170 | 1.0659 1.0357 0.9587 | 0.5770 0.5868 0.5683
180 | 1.0849 1.0539 0.9789 | 0.5884 0.5985 0.5791
190 | 1.1033 1.0714 0.9989 | 0.5998 0.6102 0.5898
200 | 1.1214 1.0888 1.0181 | 0.6107 0.6211 0.6001
210 | 1.1401 1.1055 1.0373 | 0.6219 0.6324 0.6104
220 | 1.1580 1.1223 1.0563 | 0.6327 0.6432 0.6208
230 | 1.1754 1.1385 1.0738 | 0.6436 0.6543 0.6310
240 | 1.1925 1.1544 1.0911 | 0.6539 0.6650 0.6409
250 | 1.2096 1.1704 1.1084 | 0.6647 0.6762 0.6513
260 | 1.2261 1.1861 1.1245| 0.6751 0.6864 0.6612
270 | 1.2420 1.2011 1.1404 | 0.6854 0.6967 0.6709
280 | 1.2572 1.2158 1.1551 | 0.6954 0.7068 0.6804
290 | 1.2732 1.2307 1.1702 | 0.7053 0.7173 0.6901
300 | 1.2883 1.2446 1.1841 | 0.7149 0.7271 0.6999

Time 2.5uM Pd 1.25 uM Pd

(s)
0 | 0.0343 0.0372 0.0319 | 0.0343 0.0372 0.0319

10 | 0.2132 0.2028 0.1958 | 0.1068 0.1479 0.1472

20 | 0.2258 0.2184 0.2098 | 0.1133 0.1553 0.1546

30 | 0.2370 0.2310 0.2214 | 0.1184 0.1605 0.1604

40 | 0.2466 0.2414 0.2310 | 0.1226 0.1649 0.1650

50 | 0.2549 0.2500 0.2393 | 0.1261 0.1686 0.1690

60 | 0.2627 0.2581 0.2470 | 0.1291 0.1719 0.1723

70 | 0.2699 0.2645 0.2537 | 0.1317 0.1747 0.1751

80 | 0.2763 0.2710 0.2605 | 0.1341 0.1774 0.1778

90 | 0.2828 0.2775 0.2665 | 0.1364 0.1799 0.1802

100 | 0.2889 0.2839 0.2733 | 0.1386 0.1821 0.1827

110 | 0.2948 0.2897 0.2788 | 0.1405 0.1841 0.1850

120 | 0.3004 0.2956 0.2846 | 0.1425 0.1860 0.1872

130 | 0.3060 0.3016 0.2902 | 0.1443 0.1882 0.1895
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140

0.3111

0.3066

0.2950

0.1462

0.1897

0.1915

150

0.3160

0.3123

0.3009

0.1480

0.1918

0.1937

160

0.3211

0.3177

0.3057

0.1497

0.1936

0.1956

170

0.3259

0.3225

0.3104

0.1514

0.1954

0.1974

180

0.3307

0.3278

0.3156

0.1531

0.1971

0.1994

190

0.3355

0.3329

0.3205

0.1547

0.1989

0.2011

200

0.3402

0.3379

0.3250

0.1563

0.2003

0.2027

210

0.3448

0.3429

0.3298

0.1580

0.2020

0.2045

220

0.3495

0.3478

0.3342

0.1596

0.2035

0.2064

230

0.3538

0.3528

0.3394

0.1612

0.2049

0.2080

240

0.3584

0.3575

0.3435

0.1626

0.2062

0.2095

250

0.3628

0.3628

0.3484

0.1642

0.2077

0.2112

260

0.3670

0.3674

0.3530

0.1657

0.2091

0.2126

270

0.3711

0.3723

0.3574

0.1671

0.2104

0.2141

280

0.3754

0.3769

0.3614

0.1685

0.2117

0.2157

290

0.3794

0.3816

0.3663

0.1698

0.2133

0.2171

300

0.3832

0.3862

0.3707

0.1712

0.2146

0.2187
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Table 37. Calculated [RAE] uM for Figure 27 (kinetics of palladium catalyzed deallylation).

Time 10 uM Pd 5 uM Pd

(s)
0| 1.9657 1.9628 1.9681 | 1.9657 1.9628 1.9681
10 | 1.4597 1.4551 1.5278 | 1.6958 1.6808 1.6967
20 | 1.3990 1.3936 1.4729 | 1.6626 1.6492 1.6662
30 | 1.3407 1.3444 1.4257 | 1.6347 1.6227 1.6401
40 | 1.2939 1.3009 1.3843 | 1.6111 1.5997 1.6167
50 | 1.2539 1.2605 1.3473 | 1.5909 1.5788 1.5960
60 | 1.2165 1.2244 1.3132 | 1.5724 1.5603 1.5766
70 | 1.1814 1.1923 1.2810 | 1.5562 1.5437 1.5596
80 | 1.1483 1.1623 1.2522 | 1.5408 1.5280 1.5439
90 | 1.1182 1.1355 1.2243 | 1.5256 1.5136 1.5290
100 | 1.0901 1.1102 1.1983 | 1.5113 1.5005 1.5152
110 | 1.0649 1.0858 1.1733 | 1.4977 1.4868 1.5024
120 | 1.0403 1.0641 1.1491 | 1.4845 1.4742 1.4897
130 | 1.0162 1.0420 1.1258 | 1.4711 1.4609 1.4770
140 | 0.9953 1.0216 1.1041 | 1.4588 1.4489 1.4656
150 | 0.9736 1.0019 1.0821 | 1.4463 1.4369 1.4538
160 | 0.9538 0.9829 1.0616 | 1.4348 1.4245 1.4427
170 | 0.9341 0.9643 1.0413 | 1.4230 1.4132 1.4317
180 | 0.9151 0.9461 1.0211 | 1.4116 1.4015 1.4209
190 | 0.8967 0.9286 1.0011 | 1.4002 1.3898 1.4102
200 | 0.8786 0.9112 0.9819 | 1.3893 1.3789 1.3999
210 | 0.8599 0.8945 0.9627 | 1.3781 1.3676 1.3896
220 | 0.8420 0.8777 0.9437 | 1.3673 1.3568 1.3792
230 | 0.8246 0.8615 0.9262 | 1.3564 1.3457 1.3690
240 | 0.8075 0.8456 0.9089 | 1.3461 1.3350 1.3591
250 | 0.7904 0.8296 0.8916 | 1.3353 1.3238 1.3487
260 | 0.7739 0.8139 0.8755 | 1.3249 1.3136 1.3388
270 | 0.7580 0.7989 0.8596 | 1.3146 1.3033 1.3291
280 | 0.7428 0.7842 0.8449 | 1.3046 1.2932 1.3196
290 | 0.7268 0.7693 0.8298 | 1.2947 1.2827 1.3099
300 | 0.7117 0.7554 0.8159 | 1.2851 1.2729 1.3001

Time 2.5 uM Pd 1.25uM Pd

(s)
019657 1.9628 1.9681 | 1.9657 1.9628 1.9681

10 | 1.7868 1.7972 1.8042 | 1.8932 1.8521 1.8528

20 | 1.7742 1.7816 1.7902 | 1.8867 1.8447 1.8454

30 | 1.7630 1.7690 1.7786 | 1.8816 1.8395 1.8396

40 | 1.7534 1.7586 1.7690 | 1.8774 1.8351 1.8350

50 | 1.7451 1.7500 1.7607 | 1.8739 1.8314 1.8310

60 | 1.7373 1.7419 1.7530 | 1.8709 1.8281 1.8277

70 | 1.7301 1.7355 1.7463 | 1.8683 1.8253 1.8249

80 | 1.7237 1.7290 1.7395 | 1.8659 1.8226 1.8222

90 | 1.7172 1.7225 1.7335 | 1.8636 1.8201 1.8198

100 | 1.7111 1.7161 1.7267 | 1.8614 1.8179 1.8173

110 | 1.7052 1.7103 1.7212 | 1.8595 1.8159 1.8150

120 | 1.6996 1.7044 1.7154 | 1.8575 1.8140 1.8128

130 | 1.6940 1.6984 1.7098 | 1.8557 1.8118 1.8105
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140

1.6889

1.6934

1.7050

1.8538

1.8103

1.8085

150

1.6840

1.6877

1.6991

1.8520

1.8082

1.8063

160

1.6789

1.6823

1.6943

1.8503

1.8064

1.8044

170

1.6741

1.6775

1.6896

1.8486

1.8046

1.8026

180

1.6693

1.6722

1.6844

1.8469

1.8029

1.8006

190

1.6645

1.6671

1.6795

1.8453

1.8011

1.7989

200

1.6598

1.6621

1.6750

1.8437

1.7997

1.7973

210

1.6552

1.6571

1.6702

1.8420

1.7980

1.7955

220

1.6505

1.6522

1.6658

1.8404

1.7965

1.7936

230

1.6462

1.6472

1.6606

1.8388

1.7951

1.7920

240

1.6416

1.6425

1.6565

1.8374

1.7938

1.7905

250

1.6372

1.6372

1.6516

1.8358

1.7923

1.7888

260

1.6330

1.6326

1.6470

1.8343

1.7909

1.7874

270

1.6289

1.6277

1.6426

1.8329

1.7896

1.7859

280

1.6246

1.6231

1.6386

1.8315

1.7883

1.7843

290

1.6206

1.6184

1.6337

1.8302

1.7868

1.7829

300

1.6168

1.6138

1.6293

1.8288

1.7854

1.7813
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Table 38. Raw data for Figure 28 (copper does not interfere in the presence of iPhosl).

Fluorescence (a.u.)

RAE and iPhos1

Time 10 uM Pd(OAc): 10 uM Pd(OAc)2+ 1 1 uM CuSOq4 0 uM Pd(OAc)2+ 0
(min) uM CuSOq4 uM CuSO4
0| 2849 1618 3326 | 2849 1618 3326 | 2849 1618 3326 | 2849 1618 3326
2| 4347 5130 5093 | 4585 4641 3345 | 3667 2838 3121 | 2849 1618 3326
22 | 8608 8215 9795 | 9222 9589 6786 | 3672 2855 3102 | 2850 1667 3168
42 | 1097 1008 1264 | 1180 1200 8577 | 3339 2847 2958 | 2518 1695 3153
1 4 4 4 0
62 | 1210 1117 1209 | 1303 1186 9461 | 3310 2830 2942 | 2453 1629 3146
0 3 9 6 8
82| 1270 1169 1252 | 1187 1263 1005 | 3288 2431 2925 | 2450 1631 3136
1 6 9 9 4 7
102 | 1312 1196 1282 | 1221 1313 1051 | 3266 2420 2903 | 2446 1634 3121
3 8 5 6 9 4
122 | 1341 1216 1306 | 1250 1354 1092 | 3249 2410 2884 | 2441 1636 3107
2 2 2 0 0 3
RPE and iPhos1
Time 10 uM Pd(OAc)2 10 uM Pd(OAc)2+ 1 1 uM CuSOs4 0 uM Pd(OAc)2+ 0
(min) uM CuSO4 uM CuSOq4
0 117 1522 1412 | 1179 1522 1412 | 1179 1522 1412 | 1179 1522 1412
9
2 236 1493 1577 | 2303 2244 2344 | 1344 1574 1511 | 1179 1522 1412
6
22 | 260 1609 2250 | 2172 2485 2513 | 1407 1437 1586 | 1238 1588 1483
6
42 | 282 1749 2449 | 2315 2705 2684 | 1435 1436 1636 | 1278 1628 1501
7
62 | 290 1872 2448 | 2427 2888 2821 | 1460 1718 1674 | 1869 1657 1529
7
82| 278 2273 2542 | 2505 2999 2913 | 1481 2105 1704 | 1938 1678 1553
0
102 | 263 2335 2597 | 2551 3058 2962 | 1499 2110 1866 | 1950 1693 1574
6
122 | 266 2359 2627 | 2572 3077 2974 | 1513 2116 1830 | 1961 1704 1586
5
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Table 39. Raw data for Figure 28 (copper does not interfere in the presence of 3iPhosl).

RAE and 3iPhos1

Time 10 uM Pd(OAc): 10 uM Pd(OAc)2+ 1 1 uM CuSOs4 0 uM Pd(OAc)2+ 0
(min) uM CuSOs4 uM CuSOg4
0| 1687 1818 1500 | 1687 1818 1500 | 1687 1818 1500 | 1687 1818 1500
2| 2282 2394 2021 | 1856 1622 1687 | 2961 2286 2815 | 1687 1818 1500
2 1 9 5 6 1
22 | 3620 3690 3126 | 3279 3908 2830 | 2942 2327 2843 | 1927 1818 1482
2 6 8 1 0 6
42 | 3909 3872 3346 | 3625 4194 3100 | 2808 2342 2848 | 2278 1689 1453
7 3 6 4 0 2
62 | 4003 3886 3416 | 3757 4294 3214 | 2523 2339 2849 | 2313 2604 1442
9 9 5 7 1 7
82 | 4026 3847 3423 | 3809 4315 3271 | 2506 2275 2836 | 2322 2601 1448
2 4 6 2 8 9
102 | 4014 3791 3401 | 3826 4301 3299 | 2492 2280 2822 | 2250 2595 1451
2 1 7 5 7 1
122 | 3990 3734 3372 | 3821 4013 3306 | 2479 2281 2806 | 2241 2590 1453
1 6 7 5 3 4
RPE and 3iPhos1
Time 10 uM Pd(OAc)2 10 uM Pd(OAc)2+ 1 1 uM CuSOs 0 uM Pd(OAc)2+ 0
(min) uM CuSOq4 uM CuSO4

o

1197 1125 1199 | 1197 1125 1199 | 1197 1125 1199 | 1197 1125 1199

2| 3247 3072 2938 | 2978 2831 3062 | 1353 1596 1282 | 1197 1125 1199
22 | 5019 4611 4168 | 4662 4405 4529 | 1413 1638 1325 | 1244 1170 1241
42 | 5255 4843 4408 | 4922 4683 4801 | 1451 1670 1361 | 1818 1175 1262
62 | 5293 4839 4428 | 4974 4750 4867 | 1482 1692 1406 | 1696 1206 1275
82 | 5284 4777 4405 | 4977 4769 4880 | 1508 1707 1429 | 1526 1223 1297
102 | 5263 4713 4378 | 4963 4774 4878 | 1528 1719 1445 | 1742 1295 1277
122 | 5234 4652 4352 | 4946 4767 4867 | 1548 1727 1458 | 1746 1478 1289

Table 40. Raw data for Figure 29 (substrate scope of deallylation based on the pKa of the leaving group).

Fluorescence (a.u.)

Probe iPhosl1 3iPhosl1 No Pd
alloc-N-4- 6262 6635 6662 6005 6095 6449 614 683 700
methylcoumarin
Alloc-resorufin 12359 11650 12817 | 10761 13616 12152 | 13385 12116 12402

7 0 2 8 1 8 1 2 3
APE 67078 62375 62964 | 39708 38267 54036 8776 4544 4146
7 0 5 2 4 4
RAE 13539 13121 11863 | 11758 11768 10526 2379 2296 2079
8 3 6 2 2 7
ATE 47664 47097 42446 | 2E+33 2E+33 2E+33 | 24366 24059 40631
5 7 5 * * *
O-allylcoumarin 3020 3140 2908 6410 6657 6716 595 615 619
N-allyl-4- 9656 9979 10056 7889 9606 9587 9921 9005 9927
methylcoumarin
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Table 41. Calculated %oyield for Figure 29 (substrate scope of deallylation based on the pKa of the leaving

group).

Probe iPhos1 3iPhosl1
alloc-N-4-methylcoumarin | 104 111 111 | 99 100 107
Alloc-resorufin 0 0 0 0 0 0
APE 82 76 77| 47 46 66
RAE 123 119 107 | 106 106 95
ATE 23 23 20|100 100 100
O-allylcoumarin 41 43 38| 115 120 121
N-allyl-4-methylcoumarin 0 0 0 0 0 0

Table 42. Raw data for Figure 30 (substrate scope of deallylation based on the sterics of the alkene).

Fluorescence (a.u.)

Probe iPhos1 3iPhos1 No Pd

RAE | 30417 35873 38002 | 108556 112319 110000 | 2536 2450 2295
2.71 7481 6871 7463 9802 8532 11667 | 3453 3650 3397
2.72 17586 18080 18625 | 52217 45905 52312 | 1485 1550 1596
2.73 19032 20705 19588 | 57957 55466 55717 | 1475 1471 1457
2.74 | 29161 20693 26898 | 57989 69132 41589 | 2179 2114 2099
2.75 15571 16908 16146 | 51152 50798 48867 | 1586 1603 1608

Table 43. Calculated %oyield for Figure 30 (substrate scope of deallylation based on the sterics of the alkene).

Probe | iPhosl 3iPhos1

RAE |229 28.1 303|973 1009 98.9
2.71 01 00 02| 23 1.0 4.2
2.72 116 120 125|446 385 446
2.73 13.0 146 13.6 |50.1 47.7 48.0
2.74 220 140 199|494 60.1 339
2.75 9.6 109 10.1|435 43.1 413

145



Appendix A.2.3 Chemistry General Procedures

All of the flasks used for carrying out reactions were dried in an oven at 80 °C
prior to use. Unless specifically stated, the temperature of a water bath during the
evaporation of organic solvents using a rotary evaporator was about 355 °C. All of the
syringes in this study were dried in an oven at 80 °C and stored in a desiccator over
Drierite®. Tetrahydrofuran (THF) was distilled over Na metal and benzophenone.
Dichloromethane, acetonitrile, methanol, and toluene were stored over 3A molecular
sieves.  Yields refer to chromatographically and spectroscopically (*H NMR)
homogenous materials, unless otherwise stated. All reactions were monitored by thin layer
chromatography (TLC) carried out on 0.25-mm Merck silica gel plates (60F-254)
using UV light (254 nm) for visualization or anisaldehyde in ethanol or 0.2% ninhydrin in
ethanol as a developing agents and heat for visualization. Silica gel (230-400 mesh)
was used for flash column chromatography. A rotary evaporator was connected to a PIAB
Lab Vac LVH40 that produced a vacuum pressure of approximately 60 mmHg when it
was connected to the evaporator. NMR spectra were recorded on a Bruker Advance
spectrometer at 300, 400, 500, or 600 MHz. The chemical shifts
are given in parts per million (ppm) on a delta (3) scale. The solvent peak was used as
a reference value, for 'H NMR: CHCl; = 7.26 ppm, CHsOH = 3.31 ppm, DMSO = 2.50
ppm, acetone = 2.05 ppm, for ¥C NMR: CDCl; = 77.16 ppm, CD;OD = 49.00 ppm,
DMSO-ds = 39.52 ppm, and acetone-ds = 29.84 ppm. The following abbreviations are
used to indicate the multiplicities: s = singlet; d = doublet; t = triplet; g = quartet; m =
multiplet; br = broad; app = apparent. High-resolution mass spectra were recorded on a

VG 7070 spectrometer. Infrared (IR) spectra were collected on a Mattson Cygnus 100
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spectrometer or a PerkinElmer FT-IR Spectrum Two UATR. Samples for acquiring IR
spectra were prepared as a thin film on a NaCl plate by dissolving the compound in

CH:ClI; and then evaporating the CHCl, or from neat samples.
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Appendix A.2.4 Chemistry Experimental Procedures

H
— _o Ho
go O —
o

Preparation of 5,5',5"-phosphanetriyltris(furan-2-carbaldehyde) and 5,5'-(furan-2-
ylphosphanediyl)bis(furan-2-carbaldehyde): A 100-mL round-bottomed flask equipped with a
Teflon-coated magnetic stir bar containing tri(2-furyl)phosphine (469 mg, 2.01 mmol) was vacated
and filled with nitrogen three times. The flask was treated with THF (24 mL) and TMEDA (0.86
mL, 6.00 mmol) consecutively. The mixture was cooled to -78 °C, and 2.5 M n-BuLi in hexanes
(2.66 mL, 6.60 mmol) was added to the flask. The mixture was stirred at the same temperature for
1 h. Then, the mixture was warmed to -10 °C over 2 h. The mixture was cooled again to -78 °C,
and DMF (1.14 mL, 12.0 mmol) was added to the flask. The mixture stirred for 1.5 h and was
allowed to warm to -20 °C. It was quenched with sat. NH4Cl. The quenched mixture was extracted
with EtOAc (3 x 20 mL). The combined organic layers were dried over Na,SOg, filtered, and
concentrated in vacuo. The crude residue was purified by flash chromatography (15 to 60% EtOAc
in hexanes) on silica gel (50 mL) to afford 5,5',5"-phosphanetriyltris(furan-2-carbaldehyde) (162
mg, 26%) as a yellow oil and 5,5'-(furan-2-ylphosphanediyl)bis(furan-2-carbaldehyde) (127 mg,
27 %) as a yellow solid.

Data for 5,5',5"-phosphanetriyltris(furan-2-carbaldehyde): Rf = 0.33 (60% EtOACc in
hexanes); IR (neat) vmax = 3346, 3134, 2824, 2714, 2582, 1723, 1670 (C=0), 1559, 1455, 1381,

1338, 1259, 1193, 1116, 1020 cm™; *H NMR (300 MHz, CDCls, 293 K): § 9.70 (s, 3H), 7.26 (s,

148



3H), 7.01 (d, J = 3.6 Hz, 3H); 3C NMR (100 MHz, CDCls, 293 K): § 178.0, 156.9 (d, J = 3.0 Hz),
152.9 (d, J = 9.0 Hz), 123.8 (d, J = 19.0), 120.5 (d, J = 5.0 Hz); 3P NMR (120 MHz, CDCls, 293
K) 8 -70.18; HRMS (ESI-TOF) m/z: calcd. for C15H1006P [M +H]" = 317.0210, found 317.0213.

Data for 5,5'-(furan-2-ylphosphanediyl)bis(furan-2-carbaldehyde): m.p. = 91-92 °C; R¢ =
0.48 (60% EtOAC in hexanes); IR (neat) vmax = 1681 (C=0), 1666, 1560, 1552, 1463, 1453, 1388,
1370, 1342, 1259, 1217, 1192, 1123, 1107, 1059 cm™*; *H NMR (300 MHz, CDCls, 293 K): § 9.67
(s, 2H), 7.73 (s, 1H), 7.23 (d, J = 3.6 Hz, 2H), 7.03 (appt. t, J = 3.6 Hz, 1H),6.87 (d, J = 3.6 Hz,
2H), 6.50-6.47 (m, 1H); 3C NMR (100 MHz, CDCls, 293 K): § 178.0, 156.5 (d, J = 4.0 Hz), 155.4
(d, J = 6.0 Hz), 148.9 (d, J = 2.0 Hz), 144.5 (d, J = 9.0 Hz), 124.6 (d, J = 3.2 Hz), 122.3 (d, J =
16.0 Hz), 120.6, 111.3 (d, J = 8.0 Hz); 3P NMR (120 MHz, CDCls, 293 K) § -72.34; HRMS (ESI-

TOF) m/z: calcd. for C14H100sP [M +H]* = 289.0260, found 289.0263.

_ §o
- o
> , =

Preparation of 5-(di(furan-2-yl)phosphaneyl)furan-2-carbaldehyde: A 100-mL round-

bottomed flask equipped with a Teflon-coated magnetic stir bar containing tri(2-furyl)phosphine
(471 mg, 2.02 mmol) was vacated and filled with nitrogen three times. The flask was treated with
THF (24 mL) and TMEDA (0.29 mL, 2.00 mmol) consecutively. The mixture was cooled to -78
°C, and 2.5 M n-BuL.i in hexanes (0.97 mL, 2.40 mmol) was added to the flask. The mixture was
stirred at the same temperature for 1 h. Then, the mixture was warmed to -20 °C over 2 h. The
mixture was cooled again to -78 °C, and DMF (0.38 mL, 4.00 mmol) was added to the flask. The

mixture stirred for 1.5 h and was allowed to warm to -20 °C. It was quenched with sat. NH4CI.
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The quenched mixture was extracted with EtOAc (3 x 20 mL). The combined organic layers were
dried over NaxSOQg, filtered, and concentrated in vacuo. The crude residue was purified by flash
chromatography (10 to 40% EtOAc in hexanes) on silica gel (500 mL) to afford 5-(di(furan-2-
yl)phosphaneyl)furan-2-carbaldehyde (338 mg, 65%) as a yellow solid.

Data for 5-(di(furan-2-yl)phosphaneyl)furan-2-carbaldehyde: m.p. = 77-79 °C; Rf = 0.30
(20% EtOAcC in hexanes); IR (neat) vmax = 3119, 1662 (C=0), 1552, 1458, 1451, 1377, 1337, 1263,
1218, 1198, 1122, 1030, 1006 cm*; *H NMR (300 MHz, CDCls, 293 K): § 9.64 (s, 1H), 7.69 (d,
J=1.2 Hz, 2H), 7.21 (dd, J = 3.6, 0.6 Hz, 1H), 6.91 (appt. t, J = 2.7 Hz, 2H), 6.71 (d, J = 3.6 Hz,
1H), 6.45-6.43 (m, 2H); 1*C NMR (75 MHz, CDCls, 293 K): § 178.0, 157.9 (d, J = 2.0 Hz), 156.2
(d, J = 4.0 Hz), 148.2 (d, J = 2.0 Hz), 146.6 (d, J = 6.0 Hz), 123.1, 122.7, 120.8 (d, J = 12.0 Hz),
111.0 (d, J = 7.5 Hz); 3'P NMR (120 MHz, CDCls, 293 K) & -74.44; HRMS (ESI-TOF) m/z: calcd.

for C13H1004P [M +H]" = 261.0311, found 261.0315.

o _/OH
O Y°
H o_P > /_{/\”/P\?
o)/’ﬂ o0/ HO 0
d H HO

Preparation of (phosphanetriyltris(furan-5,2-diyl))trimethanol: A 50-mL round-bottomed
flask equipped with a Teflon-coated magnetic stir bar containing 5,5',5"-phosphanetriyltris(furan-
2-carbaldehyde) (162 mg, 0.51 mmol) was treated with THF (13.6 mL) and MeOH (6.9 mL). The
mixture was cooled to 0 °C, and NaBH4 (31.5 mg, 0.83 mmol) was added. The mixture was stirred
at the same temperature for 30 min and was quenched with 1M NaOH (17.0 mL) and allowed to

warm to room temperature. The organic solvents were evaporated from the reaction solution in
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vacuo. The mixture was extracted with EtOAc (4 x 70 mL). The combined organic layers were
dried over NaxSOs, filtered, and concentrated in vacuo to obtain (phosphanetriyltris(furan-5,2-
diyl))trimethanol (129 mg, 78%) as white solid. The resulting crude was used without further
purification.

Data for (phosphanetriyltris(furan-5,2-diyl))trimethanol: m.p. = 180-183 °C; Rf = 0.46
(90% EtOAc in hexanes); IR (neat) vmax = 3338 (br, O-H), 3120, 2931, 2869, 1729, 1405, 1366,
1193, 1176, 1011, 1003 cm™; *H NMR (400 MHz, CD30D, 293 K): § 6.74 (dd, J = 3.4, 1.2 Hz,
3H), 6.34 (dt, J = 4.4, 1.2 Hz, 3H), 4.52 (s, 6H). 3C NMR (100 MHz, DMSO-ds, 293 K): 5 160.9
(d, J = 3.0 Hz), 147.2, 122.1 (d, J = 21.0 Hz), 108.3 (d, J = 5.0 Hz), 55.8; 3P NMR (160 MHz,
CD30D, 293 K) & -74.88; HRMS (ESI-TOF) m/z: calcd. for CisH1s06P [M +H]* = 323.0679,

found 323.0677.
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Preparation of ((furan-2-ylphosphanediyl)bis(furan-5,2-diyl))dimethanol: A 50-mL
round-bottomed flask equipped with a Teflon-coated magnetic stir bar containing 5,5'-(furan-2-
ylphosphanediyl)bis(furan-2-carbaldehyde) (127 mg, 0.44 mmol) was treated with THF (11.7 mL)
and MeOH (6.0 mL). The mixture was cooled to 0 °C, and NaBH4 (32.4 mg, 0.86 mmol) was
added. The mixture was stirred at the same temperature for 30 min and was quenched with 1M
NaOH (15.0 mL) and allowed to warm to room temperature. The organic solvents were evaporated

from the reaction solution in vacuo. The mixture was extracted with EtOAc (4 x 60 mL). The

combined organic layers were dried over Na>SOg, filtered, and concentrated in vacuo to obtain
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((furan-2-ylphosphanediyl)bis(furan-5,2-diyl))dimethanol (125 mg, 97%) as a clear oil. The
resulting crude was used without further purification.

Data for ((furan-2-ylphosphanediyl)bis(furan-5,2-diyl))dimethanol: Rf = 0.31 (40%
EtOAC in hexanes); IR (neat) vmax = 3551, 3319 (br, OH), 3124, 2919, 1498, 1453, 1403, 1367,
1237, 1198, 1154, 1181, 1119, 1062, 1006 cm*; *H NMR (400 MHz, CD30D, 293 K): § 7.72 (d,
J=1.6 Hz, 1H), 6.80-6.78 (m, 1H), 6.72 (dd, J = 3.2, 1.6 Hz, 2H), 6.47-6.45 (m, 1H), 6.35-6.33
(m, 2H), 4.52 (s, 4H); 1*C NMR (100 MHz, CDCls, 293 K):  159.3 (d, J = 2.5 Hz), 148.6 (d, J =
3.8 Hz), 147.4 (d, J = 2.5 Hz), 122.1 (d, J = 26.2 Hz), 121.2 (d, J = 26.2 Hz), 110.8 (d, J = 6.2 H2),
108.7 (d, J = 6.2), 57.3; 3P NMR (161 MHz, CD30D, 293 K) & -75.44; HRMS (ESI-TOF) m/z:

calcd. for C14H140sP [M +H]* = 293.0573, found 293.0570.
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Preparation of (5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol: A 100-mL round-
bottomed flask equipped with a Teflon-coated magnetic stir bar containing 5-(di(furan-2-
yl)phosphaneyl)furan-2-carbaldehyde (233 mg, 0.90 mmol) was treated with THF (23.7 mL) and
MeOH (12.0 mL). The mixture was cooled to 0 °C, and NaBHa4 (51.9 mg, 1.37 mmol) was added.
After stirring for 30 min at the same temperature, the reaction mifture was quenched with 1M
NaOH (30 mL) and allowed to warm to room temperature. The organic solvents were evaporated
from the reaction solution in vacuo. The mixture was extracted with EtOAc (4 x 120 mL). The

combined organic layers were dried over Na»SOg, filtered, and concentrated in vacuo to obtain (5-
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(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol (223 mg, 95%) as a clear oil. The resulting crude
was used without further purification.

Data for (5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol: Rf = 0.31 (40% EtOAc in
hexanes); IR (neat) vmax = 3318 (br, OH), 3124, 2924, 2868, 1589, 1550, 1454, 1366, 1319, 1211,
1153, 1005 cm™; 'H NMR (400 MHz, CD30D, 293 K): § 7.72 (t, J = 1.6 Hz, 2H), 6.78-6.76 (m,
2H), 6.70 (dd, J = 3.2, 1.6 Hz, 1H), 6.46 (quint, J = 6.4, 3.2, 1.6 Hz, 2H), 6.34 (d, J = 2.4 Hz, 1H),
4.52 (s, 2H); 13C NMR (160 MHz, CDCl3, 293 K): § 159.2 (d, J = 4.8 Hz), 148.8, 148.6 (d, J = 6.4
Hz), 147.4 (d, J = 3.2 Hz), 121.8 (d, J = 35.2 Hz), 121.2 (d, J = 41.6 Hz), 110.7 (d, J = 11.2 Hz),
108.7 (d, J = 9.6 Hz), 57.4; 3P NMR (161 MHz, CDzOD, 293 K) & -76.04; HRMS (ESI-TOF)

m/z: calcd. for C13H1204P [M +H]" = 263.0468, found 263.0470.
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Preparation of (5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol: A 25-mL round-
bottomed flask equipped with a Teflon-coated magnetic stir bar was purged with nitrogen three
times. The flask was treated with furane-3-methanol (202 mg, 2.06 mmol) and THF (4.0 mL). The
mixture was cooled to -78 °C, and 2.5 M n-BuL.i in hexanes (1.60 mL, 4.00 mmol) was added to
the flask. The mixture was stirred at the same temperature for 1 h. Then, the mixture was warmed
to 0 °C and stirred for 2 h. The mixture was cooled again to -78 °C and bis(2-furyl)phosphine
chloride (0.18 mL, 1.00 mmol) was added to the flask. The mixture stirred overnight and was
allowed to warm to 25 °C. It was quenched with sat. NH4Cl. The quenched mixture was extracted

with EtOAc (2 x 10 mL). The combined organic layers were dried over Na>SOa, filtered, and
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concentrated in vacuo. The crude residue was purified by flash chromatography (10 to 40% EtOAc
in hexanes) on silica gel (30 mL) to afford (5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol (80
mg, 36%) as a white solid.

Data for (5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol: m.p. = 154-157; R¢ = 0.38
(40% EtOAcC in hexanes); IR (neat) vmax = 3334 (br, OH), 3127, 2876, 1754, 1151, 1476, 1454,
1390, 1368, 1212, 1155, 1135, 1120, 1044, 1006 cm™; *H NMR (300 MHz, CDCls, 293 K): &
7.65-7.62 (m, 3H), 6.79-6.77 (m, 2H), 6.52 (dd, J = 3.0, 1.4 Hz, 1H), 6.40 (quint, J = 6.9, 3.0, 1.4
Hz, 2H), 4.67 (d, J = 1.4 Hz, 2H). 3C NMR (125 MHz, CDCls, 293 K): & 148.4, 147.7, 147.5 (d,
J =25 Hz), 144.9 (d, J = 15.0 Hz), 136.1 (d, J = 27.5 Hz), 121.1 (d, J = 23.8 Hz), 111.4 (d, J =
5.0 Hz), 110.8 (d, J = 6.3 Hz), 56.6 (d, J = 10.0 Hz); 'P NMR (120 MHz, CDCls, 293 K) & -85.56;

HRMS (ESI-TOF) m/z: calcd. for C13H1204P [M +H]" = 263.0468, found 263.0467.

Preparation of 2-(methoxymethyl)furan: A 50-mL round-bottomed flask equipped with a
Teflon-coated magnetic stir bar containing KOH (10.5 g, 262.9 mmol) was vacated and filled with
nitrogen three times. The flask was treated with THF (10 mL) and cooled to 0 °C. Furfuryl alcohol
(10.0 mL, 115.6 mmol) and Mel (11.6 mL, 302.8 mmol) were added to the flask. The mixture was
warmed to 25 °C, and stirred at the same temperature for 21 h. After removal of THF, ultrapure
water was added (20 mL) and the mixture was extracted with Et>O (2 x 60 mL). The combined
organic layers were dried over anhydrous Na>SOs, filtered through a cotton plug, and concentrated
in vacuo to obtain 2-(methoxymethyl)furan (8.06 g, 62% yield) as a clear oil. The resulting crude

was used without further purification.
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Data for 2-(methoxymethyl)furan: *H NMR (400 MHz, CDCls, 293 K): § 7.41(dd, J = 3.0,
0.8 Hz 1H), 6.34-6.31 (m, 2H), 4.39 (s, 2H), 3.36 (s, 3H). Spectroscopic data matched the known

literature (J. Chem. Soc., Perkin Trans., 1986, 545-550)
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Preparation of di(furan-2-yl)(5-(methoxymethyl)furan-2-yl)phosphane: A 50-mL round-
bottomed flask equipped with a Teflon-coated magnetic stir bar containing 2-furylmethyl methyl
ether (361 mg, 3.33 mmol) was vacated and filled with nitrogen three times. The flask was treated
with THF (11.0 mL) and cooled to 0 °C. To the reaction mixture was added 2.5 M n-BuLi in
hexanes (1.30 mL, 3.33 mmol). The mixture was stirred at the same temperature for 50 min and
then warmed to 0 °C. After 30 min the mixture was cooled to -78 °C, and bis(2-furyl)phosphine
chloride (0.33 mL, 2.12 mmol) was added dropwise. The mixture was stirred overnight and was
allowed to warm to 25 °C. It was quenched with sat. NH4CI (22 mL), extracted with EtOAc (3 x
50 mL). The combined organic layers were dried over Na>SOs, filtered, and concentrated in vacuo.
The crude residue was purified by flash chromatography (5 to 15% EtOAc in hexanes) on silica
gel (30 mL) to afford di(furan-2-yl)(5-(methoxymethyl)furan-2-yl)phosphane (340 mg, 68%) as a
yellow oil.

Data for di(furan-2-yl)(5-(methoxymethyl)furan-2-yl)phosphane: R = 0.44 (20% EtOAc
in hexanes); IR (neat) vmax = 3119, 2930, 2893, 2822, 1780, 1551, 1496, 1454, 1368, 1280, 1226,
1212, 1194, 1153, 1135, 1120, 1089, 1007 cm™; *H NMR (500 MHz, CDCls, 293 K): & 7.64 (d, J

= 1.5 Hz, 2H), 6.80-6.78 (m, 2H), 6.71 (dd, J = 3.0, 1.5 Hz, 1H), 6.39 (quint, J = 7.0, 3.0, 1.5 Hz,
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2H), 6.33 (dd, J = 3.0, 1.5 Hz, 1H), 4.40 (s, 2H), 3.34 (s, 3H); 3C NMR (100 MHz, CDCls, 293
K): 8 156.7 (d, J = 4.0 Hz), 149.2, 148.6 (d, J = 3.0 Hz), 147.4 (d, J = 3.0 Hz), 121.6, 121.4 (d, J
= 9.0 Hz), 121.1, 110.7 (d, J = 6.0 Hz), 110.3 (d, J = 5.0 Hz), 66.4, 57.9; 3'P NMR (200 MHz,
CDCls, 293 K) & -76.53; HRMS (ESI-TOF) m/z: calcd. for C14H1404P [M +H]* = 277.0624, found

277.0626.
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Preparation of 3-(methoxymethyl)furan: A 10-mL round-bottomed flask equipped with a

Teflon-coated magnetic stir bar containing KOH (1.08 g, 18.8 mmol) was vacated and filled with
nitrogen three times. The flask was treated with THF (3.00 mL) and cooled to 0 °C. Furane-3-
methanol (1.00 mL, 11.8 mmol) and Mel (1.20 mL, 18.8 mmol) were added to the flask. The
mixture was warmed to 25 °C, and stirred at the same temperature for 21 h. After removal of THF,
ultrapure water was added (10.0 mL) and the mixture was extracted with Et,O (2 x 50 mL). The
combined organic layers were dried over anhydrous Na>SOs, filtered through a cotton plug, and
concentrated in vacuo to obtain 3-(methoxymethyl)furan (410 mg, 58% vyield) as a clear oil. The
resulting crude was used without further purification.

Data for 3-(methoxymethyl)furan: *H NMR (300 MHz, CDCls, 293 K): § =7.40 (d, J = 3.0
Hz, 2H), 6.40 (s, 1H), 4.32 (s, 2H), 3.34 (s, 3H). Spectroscopic data matched the known literature

(Org. Lett., 2014, 16, 2732-2735.)
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Preparation of di(furan-2-yl)(4-(methoxymethyl)furan-2-yl)phosphane: A 50-mL round-

bottomed flask equipped with a Teflon-coated magnetic stir bar containing 3-furylmethyl methyl
ether (367 mg, 3.33 mmol) was vacated and filled with nitrogen three times. The flask was treated
with THF (11.0 mL) and cooled to 0 °C. To the reaction mixture was added 2.5 M n-BuLi in
hexanes (1.33 mL, 3.33 mmol) was added to the flask. The mixture was stirred at the same
temperature for 50 min and then warmed to 0 °C. After 30 min the mixture was cooled to -78 °C,
and bis(2-furyl)phosphine chloride (0.40 mL, 2.57 mmol) was added dropwise. The mixture was
stirred overnight and was allowed to warm to 25 °C. It was quenched with sat. NH4ClI (22 mL),
extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over Na;SOa, filtered,
and concentrated in vacuo. The crude residue was purified by flash chromatography (5 to 15%
EtOAc in hexanes) on silica gel (40 mL) to afford di(furan-2-yl)(4-(methoxymethyl)furan-2-
yl)phosphane (410 mg, 58%) as a clear oil.

Data for di(furan-2-yl)(4-(methoxymethyl)furan-2-yl)phosphane: Rf = 0.38 (20% EtOAc
in hexanes); IR (neat) vmax = 2929, 2820, 1779, 1573, 1551, 1479, 1455, 1390, 1368, 1284, 1214,
1192, 1156, 1134, 1121, 1100, 1058, 1038, 1007 cm™; *H NMR (500 MHz, CDCls, 293 K): & 7.64
(d, J = 2.0 Hz, 3H), 6.78-6.77 (m, 2H), 6.48 (dd, J = 3.5, 2.0 Hz, 1H), 6.39 (quint, J = 7.0, 3.5, 2.0
Hz, 2H), 4.49 (d, J = 2.0 Hz, 2H), 3.29 (s, 3H); 3C NMR (100 MHz, CDCls, 293 K): 5 148.4,
147.6, 147.3 (d, J = 3.0 Hz), 145.6 (d, J = 17.0 Hz), 133.2 (d, J = 29.0 Hz), 120.9 (d, J = 29.0 Hz),

121 (d, J = 24.0 Hz), 111.4 (d, J = 6.0 Hz), 110.7 (d, J = 7.0 Hz), 65.6 (d, J = 10.0 Hz), 57.6; 3P
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NMR (200 MHz, CDCls, 293 K) & -86.21; HRMS (ESI-TOF) m/z: calcd. for C14H1404P [M +H]*

= 277.0624, found 277.0623.
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Preparation of 7-(prop-2-yn-1-yloxy)-3H-phenoxazin-3-one: A 10-mL round-bottomed
flask equipped with a Teflon-coated magnetic stir bar containing resorufin sodium salt (307 mg,
1.28 mmol) and K>COz (529 mg, 3.83 mmol) was vacated and filled with nitrogen three times.
The flask was treated with DMF (2.6 mL) and 80% by weight propargyl bromide in toluene (0.43
mL, 3.83 mmol). After 48 h the reaction mixture quenched with cold H20 (100 mL) and filtered
through a coarse fritted funnel. The resulting solid was washed with hexanes (2 x 100 mL) and
cold H2O (100 mL). The solid was recrystallized from ethyl acetate and hexanes, affording 7-
(prop-2-yn-1-yloxy)-3H-phenoxazin-3-one (247 mg, 75% yield) as a red-orange solid.

Data for 7-(prop-2-yn-1-yloxy)-3H-phenoxazin-3-one: m.p. = >200 °C; R¢ = 0.39 (60%
ethyl acetate in hexanes); IR (neat) vmax = 3434, 1646, 1612, 1506, 1366, 1271, 1214, 1106 cm™,
IH NMR (400 MHz, CDCls, 293 K): § 7.82 (d, J = 7.6 Hz, 1H), 7.55 (d, J = 7.6 Hz, 1H), 7.18 (d,
J=2.0 Hz, 1H), 7.11 (dd, J = 7.6, 2.0 Hz), 6.80 (dd, J = 7.6, 2.0 Hz, 1H), 6.30 (d, J = 2.0 Hz, 1H),
5.01 (d, J = 2.0 Hz, 1H), 3.70 (s, 1H); 3C NMR (100 MHz, DMSO-ds, 293 K): 185.4, 161.0,
149.7, 145.7, 145.1, 135.0, 133.9, 131.3, 128.4, 114.1, 105.8, 101.4, 79.2, 78.3, 56.5; 6; HRMS

(ESI-TOF) m/z: calcd for C1sH10NO3 [M+H]* = 252.0655, found 252.0655.
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Preparation of dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol)
palladium(ll): A 10-mL round-bottomed flask equipped with a Teflon-coated magnetic stir bar
containing PdClIz (5.0 mg, 0.028 mmol) and (5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol
(15.0 mg, 0.056 mmol) was vacated and filled with argon three times. The flask was treated with
MeCN (2.5 mL) and stirred for 4 h. Upon completion, the reaction mixture was concentrated in
vacuo, affording dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol)palladium(ll)
(19.2 mg, 96% vyield) as a yellow solid.

Data for dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol)palladium(ll):
m.p = 140-143 °C; IR (neat) vmax = 3408, 3116, 2826, 1659, 1572, 1549, 1449, 1386, 1367, 1215,
1160, 1124, 1048, 1010 cm'%; *H NMR (400 MHz, DMSO-ds, 293 K): § 7.92 (br. s, 2H), 7.85 (br.
s, 3H), 6.77 (br. s, 2H), 6.73 (s, 1H), 6.51 (t, J = 1.6 Hz, 2H), 4.60 (s, 2H); 3C NMR (150 MHz,
DMSO-ds, 293 K): 5 149.7, 149.0, 140.7 (d, J = 19.5 Hz), 140.0 (d, J = 91.5 Hz), 132.7 (d, J =
91.5 Hz), 124.4 (d, J = 28.0 Hz), 112.6, 111.8, 55.6; 3'P NMR (200 MHz, DMSO-ds, 293 K) & -

24.8.
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Preparation of dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol)
palladium(ll): A 10-mL round-bottomed flask equipped with a Teflon-coated magnetic stir bar
containing PdClI, (11.0 mg, 0.062 mmol) and (5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol
(32.8 mg, 0.12 mmol) was vacated and filled with argon three times. The flask was treated with
MeCN (2.5 mL) and stirred for 4 h. Upon completion, the reaction mixture was concentrated in
vacuo, affording dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol)palladium(I1)
(39.6 mg, 90% vyield) as a yellow solid.

Data for dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol)palladium(ll):
m.p = 182-186 °C; IR (neat) vmax = 3399, 3112, 1587, 1548, 1489, 1450, 1404, 1366, 1216, 1124,
1065, 1010 cm'%; *H NMR (400 MHz, DMSO-ds, 293 K): 6 7.93 (s, 2H), 6.91 (g, J = 6.0, 2.8 Hz,
3H), 6.57 (t, J = 1.6 Hz, 2H), 6.37 (d, J = 2.8 Hz, 1H), 5.41 (t, J = 6.0 Hz, 1H), 4.28 (d, J = 6.0 Hz,
3H); 13C NMR (125 MHz, DMSO-ds, 293 K): § 162.6 (d, J = 6.2 Hz), 149.6 (d, J = 5.0 Hz), 140.4
(d, J =925 Hz), 138.5 (d, J = 92.5 Hz), 125.9 (d, J = 18.8 Hz), 124.6 (d, J = 20.0 Hz), 111.6 (d, J

=8.8 Hz), 108.7 (d, J = 7.5 Hz), 55.7; 3'P NMR (200 MHz, DMSO-ds, 293 K) & -22.00.
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Preparation of 7-(allyloxy)-2H-chromen-2-one: A 10-mL round-bottomed flask equipped
with a Teflon-coated magnetic stir bar containing 7-hydroxycoumarin (126 mg, 1.00 mmol) and
K>CO3 (286 mg, 3.00 mmol) was vacated and filled with nitrogen three times. The flask was
treated with DMF (1.0 mL) and allyl bromide (0.18 mL, 2.05 mmol). The reaction mixture was
heated to 60 °C (external). After 4 h the mixture was allowed to warm to 25 °C. It was quenched
with H20 (10 mL), extracted with EtOAc (2 x 20 mL). The combined organic layers were dried
over Na SOs, filtered, and concentrated in vacuo. The crude residue was purified by flash
chromatography (10 to 30% EtOAc in hexanes) on silica gel (10 mL) to afford 7-(allyloxy)-2H-
chromen-2-one (80.5 mg, 40%) as a white solid.

Data for 7-(allyloxy)-2H-chromen-2-one: Rs = 0.30 (20% EtOAc in hexanes); 'H NMR
(400 MHz, CDCls, 293 K): § 7.63 (d, J = 9.2 Hz, 1H), 7.37 (d, J = 9.2 Hz, 1H), 6.87 (dd, J = 8.8,
2.4 Hz, 2H), 6.83 (d, J = 2.4 Hz, 1H), 6.25 (d, J = 8.8 Hz, 1H), 6.05 (ddt, J = 15.6, 10.4, 5.2 Hz,
1H), 5.44 (ddd, J = 17.2, 3.2, 1.2 Hz, 1H), 5.35 (dd, J = 10.4, 1.2 Hz, 1H), 4.60 (ddt, J = 5.2, 3.2,
1.2 Hz, 2H). Spectroscopic data matched the known literature (Tetrahedron, 2002, 58, 2831—

2837).
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Preparation of 7-(allylthio)-4-methyl-2H-chromen-2-one: A 10-mL round-bottomed flask
equipped with a Teflon-coated magnetic stir bar containing 7-mercapto-4-methylcoumarin (101

mg, 0.52 mmol) and K>CO3z (127 mg, 0.80 mmol) was vacated and filled with nitrogen three times.
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The flask was treated with acetone (3.0 mL) and allyl bromide (48 pL, 0.55 mmol). After 4 h the
reaction mixture was concentrated in vacuo. The crude residue was purified by flash
chromatography (10 to 30% EtOAc in hexanes) on silica gel (10 mL) to afford 7-(allylthio)-4-
methyl-2H-chromen-2-one (66.2 mg, 55%) as a white solid.

Data for 7-(allylthio)-4-methyl-2H-chromen-2-one: m.p. = 51-53 °C; R¢ = 0.29 (20%
EtOAC in hexanes); IR (neat) vmax = 1732, 1715, 1679, 1598, 1541, 1406, 1386, 1370, 1325, 1246,
1165, 1054, 1009 cm; *H NMR (400 MHz, CDCls, 293 K): & 7.46 (d, J = 8.4 Hz, 1H), 7.20 (d, J
= 1.6 Hz, 1H), 7.17 (dd, J = 8.4, 1.6 Hz, 1H), 6.22 (d, J = 1.6 Hz, 1H), 5.94-5.84 (m, 1H), 5.29
(ddd, J = 16.8, 2.0, 1.2 Hz, 1H), 5.18 (dd, J = 10.0, 1.2 Hz, 1H), 3.65 (ddt, J = 6.4, 2.0, 1.2 Hz,
2H), 2.41 (d, J = 1.2 Hz, 3H); 3C NMR (100 MHz, CDCls, 293 K): 5 160.6, 153.8, 152.2, 142.5,
132.4, 1245, 1235, 118.8, 117.4, 114.8, 114.0, 35.5, 18.6; HRMS (ESI-TOF) m/z: calcd. for

C13H130,S [M +H]* = 233.0631, found 233.0632.
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Preparation of 7-(allylamino)-4-methyl-2H-chromen-2-one: A 10-mL round-bottomed

N
H

flask equipped with a Teflon-coated magnetic stir bar containing 7-amino-4-methylcoumarin (49.8
mg, 0.29 mmol) and K>CO3 (46.8 mg, 0.34 mmol) was vacated and filled with nitrogen three times.
The flask was treated with DMF (1.0 mL) and allyl bromide (26 pL, 0.30 mmol). The reaction
mixture was heated to 60 °C (external). After 4 h the mixture was allowed to warm to 25 °C and
stirred overnight. It was quenched with H>O (10 mL), extracted with EtOAc (3 x 15 mL). The

combined organic layers were dried over Na>SOg, filtered, and concentrated in vacuo. The crude
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residue was purified by flash chromatography (10 to 40% EtOAc in hexanes) on silica gel (5 mL)
to afford 7-(allylamino)-4-methyl-2H-chromen-2-one (17.1 mg, 28%) as a white solid.

Data for 7-(allylamino)-4-methyl-2H-chromen-2-one: m.p. = 97-98 °C; Rf = 0.29 (20%
EtOAC in hexanes); IR (neat) vmax = 3346, 2927, 1693, 1621, 1614, 1601, 1574, 1525, 1504, 1488,
1398, 1374, 1366, 1334, 1265, 1216, 1154 cm™; *H NMR (400 MHz, acetone-ds, 293 K): & 7.45
(d, J = 8.8 Hz, 1H), 6.67 (dd, J = 8.8, 2.0 Hz, 1H), 6.44 (d, J = 2.0 Hz, 1H), 6.10 (br. s, 1H), 6.00—
5.90 (m, 1H), 5.89 (d, J = 1.6 Hz, 1H) 5.29 (ddt, J = 17.2, 3.6, 1.6 Hz, 1H), 5.14 (ddd, J = 10.4,
3.6, 1.6 Hz, 1H), 3.89 (m, 2H), 2.35 (d, J = 1.6 Hz, 3H); 3C NMR (100 MHz, CDCls, 293 K): &
161.9, 155.8, 152.9, 151.3, 133.9, 125.4, 117.0, 110.7, 110.4, 109.4, 98.4, 45.9, 18.9; HRMS (ESI-

TOF) m/z: calcd. for C13H1402N [M +H]" = 216.1019, found 216.1020.

Preparation of allyl (4-methyl-2-ox0-2H-chromen-7-yl)carbamate: A 10-mL round-
bottomed flask equipped with a Teflon-coated magnetic stir bar containing 7-amino-4-
methylcoumarin (51 mg, 0.29 mmol) and K>COs3 (42.3 mg, 0.31 mmol) was vacated and filled
with nitrogen three times. The flask was treated with DMF (0.8 mL) and allyl chloroformate (104
uL, 1.31 mmol). The reaction mixture was stirred overnight. It was quenched with 1M HCI (10
mL), and extracted with EtOAc (3 x 15 mL). The combined organic layers were dried over
Na>S0s, filtered, and concentrated in vacuo to obtain allyl (4-methyl-2-oxo0-2H-chromen-7-
yl)carbamate (69.0 mg, 93%) as white solid. The resulting crude was used without further
purification.

Data for allyl (4-methyl-2-ox0-2H-chromen-7-yl)carbamate: m.p. = 178-179 °C; Rf = 0.31

(20% EtOAC in hexanes); IR (neat) vmax = 3275, 2982, 1724, 1684, 1617, 1582, 1536, 1512, 1423,
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1397, 1232, 1210, 1172, 1162, 1052, 1020, 1012, cm%; 'H NMR (400 MHz, CDCls, 293 K): &
7.52 (d, J = 8.8 Hz, 1H), 7.44 (d, J = 2.0 Hz, 1H), 7.38 (d, J = 8.8 Hz, 1H), 6.94 (br. s, 1H), 6.19
(d, J = 1.6 Hz, 1H), 6.02-5.92 (m, 1H), 5.38 (dd, J = 17.2, 1.6 Hz, 1H), 5.29 (dd, J = 10.4, 1.6 Hz,
1H), 4.70 (d, J = 5.6 Hz, 2H), 2.41 (d, J = 1.2 Hz, 3H); *C NMR (100 MHz, DMSO-ds, 293 K):
5 160.5, 154.3, 153.7, 153.5, 143.2, 133.4, 126.5, 118.4, 114.9, 114.7, 112.4, 104.9, 65.6, 18.5;

HRMS (ESI-TOF) m/z: calcd. for C14H1404N [M +H]* = 260.0917, found 260.0913.

oty - 0O
NaO o o \/\o)j\o o o

Preparation of allyl (3-oxo-3H-phenoxazin-7-yl) carbonate: A 10-mL round-bottomed
flask equipped with a Teflon-coated magnetic stir bar containing resorufin sodium salt (102 mg,
0.43 mmol) and K.COs3 (118 mg, 0.85 mmol) was vacated and filled with nitrogen three times.
The flask was treated with DMF (2.0 mL) and allyl chloroformate (0.18 pL, 1.70 mmol). The
reaction mixture was stirred overnight. It was quenched with H,O (10 mL), and the resulting
mixture was filtered through a coarse fritted funnel. The resulting solid was washed with water (3
x 10 mL) and cold hexanes (3 x 10 mL) to obtain allyl (3-oxo-3H-phenoxazin-7-yl) carbonate
(80.9 mg, 93%) as brown-red solid. The resulting crude was used without further purification.

Data for allyl (3-oxo-3H-phenoxazin-7-yl) carbonate: *H NMR (400 MHz, CDCls, 293 K):
§7.52 (d, J = 8.8 Hz, 1H), 7.44 (d, J = 10.0 Hz, 1H), 7.37 (dd, J = 8.8, 2.8 Hz, 1H), 6.93 (s, 1H),
6.19 (d, J = 1.2 Hz, 1H), 6.02-5.92 (m, 1H), 5.41 (dd, J = 17.2, 1.2 Hz, 1H), 5.29 (dd, J = 10.0,
1.2 Hz, 1H), 4.70 (d, J = 5.6 Hz, 2H); Spectroscopic data matched the known literature (Dalton

Trans., 2016, 11682-11687).
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Preparation of 7-((2-methylallyl)oxy)-3H-phenoxazin-3-one: To a 10 mL round bottom
flask containing a Teflon-coated magnetic stir bar and resorufin sodium salt (0.1035 g, 0.425
mmol) in dry DMF (0.5 mL) added 3-chloro-2-methyl-1-propene (0.13 mL, 1.28 mmol) in DMF
(0.75 mL) under nitrogen atmosphere. To the mixture was added K>COz (0.180 g, 1.28 mmol).
After 7 days, the reaction mixture was quenched with water (50 mL), and the mixture was filtered
through a coarse fritted funnel. The resulting solid was washed with water (3 x 50 mL) and cold
hexanes (50 mL) affording 7-((2-methylallyl)oxy)-3H-phenoxazin-3-one (0.118 g, quantitative
yield) as a dark red-orange solid.

Data for 7-((2-methylallyl)oxy)-3H-phenoxazin-3-one: m.p. = 205-206 °C; Rf = 0.71 (50 %
EtOAC in hexanes); IR (neat) vmax = 1614, 1565, 1488, 858 cm™*; *H NMR (300 MHz, CDCls, 293
K) 6 7.71 (d, J = 9.0 Hz, 1H), 7.44 (d, J = 9.0 Hz, 1H), 6.98 (dd, J = 9.0, 3.0 Hz, 1H), 6.87 (s, 1H),
6.84 (s, 1H), 6.36 (s, 1H), 5.13 (s, 1H), 5.07 (s, 1H), 4.56 (s, 2H), 1.86 (s, 3H); 3C NMR (100
MHz, CDCls, 293 K) § 186.3, 162.8, 149.8, 145.6, 139.5, 134.7, 134.2, 131.6, 128.4, 114.2, 113.8,
106.7,100.9, 72.6, 19.3; HRMS (ESI-TOF) m/z: calcd. for C16H13NOs [M + H]* = 268.0968, found

268.0970.
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Preparation of (E)-7-(but-2-en-1-yloxy)-3H-phenoxazin-3-one: To a 10 mL round bottom
flask containing a Teflon-coated magnetic stir bar and resorufin sodium salt (0.1025 g, 0.436
mmol) in dry DMF (1.25 mL) added K>COs (0.182 g, 1.31 mmol) and 1-chloro-2-butene (0.125
mL, 1.27 mmol) under nitrogen atmosphere. After 5 days, the reaction mixture was quenched with
water (50 mL), and the mixture was filtered through a coarse fritted funnel. The resulting solid
was washed with water (3 x 50 mL) and cold hexanes (50 mL) affording (E)-7-(but-2-en-1-yloxy)-
3H-phenoxazin-3-one (0.114 g, quantitative yield) as a dark red-orange solid.

Data for (E)-7-(but-2-en-1-yloxy)-3H-phenoxazin-3-one: m.p. = 199-201 °C; R¢ = 0.60 (50
% EtOAC in hexanes); IR (neat) vmax = 3056, 2950, 1515, 1564, 1504, 1363, 1272, 1212, 1116,
1099, 972, 956 cm*. *H NMR (300 MHz, CDCls, 293 K) § 7.72 (d, J = 9.0 Hz, 1H), 7.45 (d, J =
9.0 Hz, 1H), 6.96 (dd, J = 2.4, 9.0 Hz, 1H), 6.88 (d, J = 1.8 Hz, 1H), 6.85 (d, J = 1.8 Hz, 1H), 6.83
(d, J = 2.4 Hz, 1H), 6.38 (s, 1H, Ar), 5.97-5.90 (m, 1H), 5.76-5.69 (m, 1H), 4.58 (d, J = 6.0 Hz,
2H), 1.80 (d, J = 6.0 Hz, 3H); 3C NMR (100 MHz, CDCls, 293 K) & 186.3, 162.8, 149.9, 145.7,
145.5,134.7,134.2,132.0, 131.6, 128.3, 124.7, 114.3, 106.7, 100.8, 69.7, 17.9; HRMS (ESI-TOF)

m/z: calcd. for C16H13NO3 [M + H]* = 268.0968, found 268.0971.
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Preparation of 7-(cinnamyloxy)-3H-phenoxazin-3-one: To a 10 mL round bottom flask

Ph

containing a Teflon-coated magnetic stir bar and resorufin sodium salt (0.101 g, 0.429 mmol) in
dry DMF (1.25 mL) added K>COz3 (0.181 g, 1.31 mmol), (3-chloropropenyl)benzene (0.178 mL,
1.27 mmol) and Nal (0.007 g, 0.045 mmol) under nitrogen atmosphere. After 5 days the reaction
mixture was quenched with water (50 mL), and the resulting mixture was filtered through a coarse
fritted funnel. The resulting solid was washed with water (3 x 50 mL) and cold hexanes (50 mL)
affording 7-(cinnamyloxy)-3H-phenoxazin-3-one (0.141 g, 95% yield) as a dark red-orange solid.

Data for 7-(cinnamyloxy)-3H-phenoxazin-3-one: m.p. = 201-203 °C; R¢ = 0.39 (50 %
EtOAC in hexanes); IR (neat) vmax = 3434, 1665, 1645, 1614, 1564, 1492, 1449, 1388, 1364, 1341,
1316, 1271, 1214, 1098, 991, 960, 906, 857, 816, 731, 683 cm™; *H NMR (300 MHz, CDCl3, 293
K) 6 7.72 (d, J = 6.6 Hz, 1H), 7.44 (d, J = 3.9 Hz, 1H), 7.41 (s, 2H), 7.38-7.28 (m, 3H), 7.00 (dd,
J=6.6,2.1 Hz, 1H), 6.87 (d, J =2.1 Hz, 1H), 6.84 (dd, J = 6.6, 1.2 Hz, 1H), 6.77 (d, J = 12.0 Hz,
1H), 6.44-6.37 (m, 1H), 6.33 (s, 1H), 4.81 (d, J = 3.9 Hz, 2H); *C NMR (100 MHz, CDCl3, 293
K) § 186.3, 162.6, 149.8, 145.7, 135.9, 134.7, 134.3, 134.2, 131.6, 128.7, 128.5, 128.4, 126.7,
122.7, 114.2, 106.8, 100.9, 69.6; HRMS (ESI-TOF) m/z: calcd. for C21H1sNOs [M + H]* =

330.1125, found 330.1138.
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Preparation of 7-((3-methylbut-2-en-1-yl)oxy)-3H-phenoxazin-3-one: To a 10 mL round
bottom flask containing a Teflon-coated magnetic stir bar and resorufin sodium salt (0.1034 g,
0.439 mmol) in dry DMF (1.25 mL) was added K.COz3 (0.177 g, 1.28 mmol) and 1-chloro-3-
methyl-2-butene (0.144 mL, 1.27 mmol) under nitrogen atmosphere. After 3 days, the reaction
mixture was quenched with water (50 mL), and the resulting mixture was filtered through a coarse
fritted funnel. The resulting solid was washed with water (3 x 50 mL) and cold hexanes (50 mL)
affording 7-((3-methylbut-2-en-1-yl)oxy)-3H-phenoxazin-3-one (0.124 g, quantitative yield) as a
dark red-orange solid.

Data for 7-((3-methylbut-2-en-1-yl)oxy)-3H-phenoxazin-3-one: m.p. = 210-213 °C; Rf =
0.38 (50 % EtOAC in hexanes); IR (neat) vmax = 2928, 1644, 1614, 1593, 1562, 1503, 1363, 1342,
1271, 1213, 1097, 987, 858 cm™; 'H NMR (300 MHz, CDCls, 293 K) § 7.72 (d, J = 7.2 Hz, 1H),
7.46 (d, 3= 7.2 Hz, 1H), 6.95 (dd, J = 6.6, 1.8 Hz, 1H), 6.84 (dd, J = 9.8, 1.8 Hz, 1H), 6.82 (d, J =
2.6 Hz, 1H), 6.33 (d, J = 1.8 Hz, 1H), 5.51-5.48 (m, 1H), 4.64 (d, J = 5.1 Hz, 1H), 1.83 (s, 3H),
1.79 (s, 3H); 3C NMR (100 MHz, CDCls, 293 K) & 186.3, 163.0, 149.9, 145.7, 145.4, 139.8,
134.7, 134.2, 131.5, 128.3, 118.3, 114.3, 106.7, 100.7, 65.9, 25.9, 18.3; HRMS (ESI-TOF) m/z:

calcd. for C17H1sNO3 [M + H]* = 282.1125, found 282.1132.
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Preparation of 7-((3-methylbut-2-en-1-yl)oxy)-3H-phenoxazin-3-one: To a 10 mL round
bottom flask containing a Teflon-coated magnetic stir bar and resorufin sodium salt (0.106 g, 0.449
mmol) in dry DMF (1.25 mL) was added K>COs (0.176 g, 1.28 mmol) and 3-chlorobut-1-ene
(0.128 mL, 1.27 mmol) under nitrogen atmosphere. The reaction mixture was heated to 50 °C
(external). After 9 days, the reaction mixture was quenched with water (50 mL), and the resulting
mixture was filtered through a coarse fritted funnel. The resulting solid was washed with water (3
x 50 mL) and cold hexanes (50 mL) affording 7-((3-methylbut-2-en-1-yl)oxy)-3H-phenoxazin-3-
one (0.0515 g, 45 yield) as a dark brown solid.

Data for 7-((3-methylbut-2-en-1-yl)oxy)-3H-phenoxazin-3-one: m. p. = 207-208 °C; R =
0.47 (50 % EtOACc in hexanes); IR (neat) vmax = 1645, 1613, 1593, 1565, 1492, 1446, 1364, 1286,
1271, 1238, 1214, 1101, 1101 cm™; *H NMR (300 MHz, CDCls, 293 K) & 7.68 (d, J = 9.0 Hz,
1H), 7.42 (d, J = 9.0 Hz, 1H), 6.94 (dd, J = 9.0, 2.1, 1H), 6.84 (d, J = 2.1 Hz, 1H), 6.81 (d, J = 2.1
Hz, 1H), 6.32 (d, J = 2.1 Hz, 1H), 5.91 (ddt, J = 17.1, 10.8, 6.3 Hz, 1H), 5.32 (d, J = 17.1 Hz, 1H),
5.26 (d, J = 10.8 Hz, 1H), 4.92-4.88 (m, 1H), 1.50 (d, J = 6.3 Hz, 3H); 3C NMR (100 MHz,
CDCl3, 293 K) 6 186.5, 162.3, 149.9, 145.6, 145.3, 137.7,134.7,134.0, 131.5, 128.3, 116.8, 115.1,
106.6, 101.8, 100.8, 75.9, 21.3; HRMS (ESI-TOF) m/z: calcd. for CigH1sNOz [M + H]* =

268.0968, found 268.0972.
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Appendix A.3 Synthesis of a Tetrahydrofuran Analog of FR901464

Appendix A.3.1 Growth Inhibition

Method. 1,500 cells/well for HCT116 cell line, or 10,000 cells/well for LS174T cell line,
were seeded in DMEM (10% FBS, p/s; 100 pL) in a black, clear-bottom 96 well plate and were
incubated overnight at 37 °C in a water saturated, 5% CO> atmosphere. Drugs were diluted with
water and added to the wells. The cells were then incubated again for 72 h. Following this, WST1
reagent is added to each well (10 uL per well) and incubated for 2 or 1 h at 37 °C. The absorbance

at 450 nm is measured. Final concentrations: 0-30 nM MAMA, MAMD, 0-10 uM 3.25.

Appendix A.3.2 Chemistry Experimental Procedures

Preparation of (1R,2R)-1-((R)-2-(2-methylallyl)oxiran-2-yl)but-3-ene-1,2-diol: To a 25
mL round bottom flask containing a Teflon-coated magnetic stir bar and (1R,2R)-1-((R)-2-(2-
methylallyl)oxiran-2-yl)-1-((triethylsilyl)oxy)but-3-en-2-ol (209 mg, 0.67 mmol) in THF (4 mL)
was added TBAF (1 M in THF, 1.3 mL) at 0 °C under an open atmosphere. After 50 min at the
same temperature, the reaction mixture was diluted with EtoO (15 mL), filtered through a pad of
Florisil, rinsed with Et2O (4 x 10 mL), and concentrated under reduced pressure. The crude residue
was purified by flash chromatography (15 to 50% EtOAc in hexanes) on silica gel (24 mL) to
afford (1R,2R)-1-((R)-2-(2-methylallyl)oxiran-2-yl)but-3-ene-1,2-diol (57.1 mg, 46%) as a clear
oil.
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Data for (1R,2R)-1-((R)-2-(2-methylallyl)oxiran-2-yl)but-3-ene-1,2-diol: Rf = 0.35 (50%
EtOAC in hexanes); IR (neat) vmax = 3407 (br, OH), 3076, 2980, 1649, 1436, 1376, 1251, 1131,
1033, 995, 959, 927, 896 cm™; *H NMR (400 MHz, CDCls, 293 K): § 5.96 (ddd, J = 17.4, 10.4,
5.2 Hz, 1H), 5.40 (d, J = 17.4 Hz, 1H), 5.30 (d, J = 10.4 Hz, 1H), 4.88 (s, 1H), 4.82 (s, 1H), 4.26
(t, J = 5.2 Hz, 1H), 3.73 (d, J = 5.2 Hz, 1H), 2.97 (d, J = 4.4 Hz, 1H), 2.66 (d, J = 4.4 Hz, 1H),
2.59 (d, J = 14.8 Hz, 1H), 2.30 (d, J = 14.8 Hz, 1H), 1.77 (s, 3H); *C NMR (100 MHz, CDCls,
293 K): 6 140.6, 136.2, 117.4, 114.5, 73.3, 72.8, 59.1, 49.6, 40.2, 23.1; HRMS (ESI-TOF) m/z:

calcd. for C1o0H1603Na [M +Na]* = 207.0992, found 207.0992.

Preparation of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-
4-yl)prop-2-en-1-ol: A 25-mL round-bottomed flask equipped with a Teflon-coated magnetic stir
bar containing (1R,2R)-1-((R)-2-(2-methylallyl)oxiran-2-yl)-1-((triethylsilyl)oxy)but-3-en-2-ol
(401 mg, 0.940 mmol) was treated with distilled CH2Cl> (6.70 mL). The mixture was cooled to 0
°C and NBS (311 mg, 1.75 mmol) was added. The mixture stirred at the same temperature for 18
hours and allowed to warm to room temperature. The organic solvents were evaporated from the
reaction solution. Organic solvent was removed in vacuo. The crude residue was purified by flash
chromatography (10 to 40% EtOAc in hexanes) on silica gel (50 mL) to afford (R)-1-((3R,4R,6R)-
6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-ol (241 mg, 98%) as a

clear oil.
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Data for (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-
yhprop-2-en-1-ol: Rf = 0.34 (40% EtOAC in hexanes); IR (neat) vmax = 3437 (br, OH), 2980, 2930,
1690, 1643, 1428, 1376, 1273, 1224, 1172, 1154, 1096, 1063, 1030, 996, 954 cm™; *H NMR (400
MHz, CDCls, 293 K): § 5.89 (ddd, J = 17.2, 10.4, 4.4 Hz, 1H), 5.35 (d, J = 17.2 Hz, 1H), 5.24 (d,
J=10.4 Hz, 1H), 4.25 (d, J = 4.4 Hz, 1H), 3.97 (d, J = 3.6 Hz, 1H), 3.59 (d, J = 10.4 Hz, 1H), 3.49
(d, J = 10.4 Hz, 1H), 3.26 (d, J = 4.0 Hz, 1H), 2.88 (d, J = 4.0 Hz, 1H), 2.56 (d, J = 13.6 Hz, 1H),
1.63 (d, J = 13.6 Hz, 1H), 1.51 (s, 3H); 13C NMR (100 MHz, CDCls, 293 K): & 136.0, 116.6, 83.4,
81.2,73.3,64.4,47.1, 42.5, 41.0, 24.2; HRMS (ESI-TOF) m/z: calcd. for C10H1603Br [M +H]* =

263.0277, found 263.0270.
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Preparation of  (((R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]
heptan-4-yl)allyl)oxy)triethylsilane: To a 10 mL round bottom flask containing a Teflon-coated
magnetic stir bar and imidazole (75.3 mg, 1.10 mmol) in THF (2.7 mL) was added
chlorotriethylsilane (0.16 mL, 1.01 mmol), followed by the dropwise addition of alcohol (R)-1-
((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-ol (0.242 g,
0.921 mmol) in THF (1.0 mL), and then the container that initially contained (R)-1-((3R,4R,6R)-
6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-ol was rinsed with THF
(2 x 0.5 mL) and added to the reaction mixture at 0 °C under a nitrogen atmosphere. After an
additional 45 min at the same temperature, H>O (9.0 mL) was added, and most of the THF was
removed under reduced pressure. The aqueous residue was extracted with Et,O (2 x 22 mL). The

combined organic layers were washed with brine (9.0 mL), dried over anhydrous Na>SQa, filtered,
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and concentrated under reduced pressure. The resulting residue was purified by flash
chromatography (1.5 to 6% EtOAc in hexanes) on silica gel (18 mL) to afford (((R)-1-((3R,4R,6R)-
6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-yl)allyl)oxy)triethylsilane (327 mg, 94 %
yield) as a colorless oil.

Data for (((R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-
yhallyl)oxy)triethylsilane: Rs = 0.33 (20% EtOAc in hexanes); IR (neat) vmax = 2955, 2911, 2876,
1853, 1533 1457, 1416, 1376, 1284, 1239, 1094, 1063, 1033, 1005, 958, 924 cm™*; 'H NMR (400
MHz, CDCls, 293 K): & 5.87-5.78 (m, 1H), 5.28 (d, J = 17.6 Hz, 1H), 5.18 (d, J = 10.4 Hz, 1H),
4.17 (t, J = 5.6 Hz, 1H), 3.80 (d, J = 5.6 Hz, 1H), 3.46 (d, J = 5.6 Hz, 1H), 3.24 (d, J = 4.8 Hz,
1H), 2.87 (d, J = 4.8 Hz, 1H), 2.46 (d, J = 13.6 Hz, 1H), 1.62 (d, J = 13.6 Hz, 1H), 1.51 (s, 3H),
0.93 (t, J = 8.8 Hz, 9H), 0.61 (g, J = 15.6, 7.6, 6H); 3C NMR (100 MHz, CDCls, 293 K): 5 138.2,
116.9, 85.0, 82.0, 75.2, 64.9, 46.9, 42.8, 41.0, 24.3, 6.9, 5.1; HRMS (ESI-TOF) m/z: calcd. for

C16H3003BrSi [M +H]* = 377.1142, found 377.1146.

Preparation of (((R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-yl)allyl)oxy)
triethylsilane: To a 100 mL round bottom flask containing a Teflon-coated magnetic stir bar and
(((R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4] heptan-4-
yDallyl)oxy)triethylsilane (205 mg, 0.546 mmol) in benzene (41.0 mL) added tributylstannane (21
uL, 0.819 mmol) and AIBN (16.3 mg, 0.098 mmol). The reaction mixture was refluxed for 1 h,
cooled to room temperature, and concentrated under reduced pressure. The resulting residue was

purified by flash chromatography (2 to 8 % EtOAc in hexanes) on silica gel (40 mL) to afford
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(((R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-yl)allyl)oxy)triethylsilane (168 mg,
86% yield) as a colorless oil.

Data for (((R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-
yhallyl)oxy)triethylsilane: Rs = 0.33 (20% EtOAc in hexanes); IR (neat) vmax = 2955, 2913, 2876,
2181, 2157, 2073, 2021, 1976, 1949, 1645, 1460, 1414, 1380, 1368, 1294, 1237, 1211, 1168, 1100,
1077, 1049, 1007, 956, 920 cm™; [a]p?* +69.8 (c 1.0, CH2Cl2); *H NMR (500 MHz, CDCls, 293
K): & 5.81 (ddd, J = 17.0, 10.0, 5.0 Hz, 1H), 5.20 (dt, J = 17.0, 1.5 Hz, 1H), 5.15 (d, J = 10.0, 1.5
Hz, 1H), 4.16-4.13 (m, 1H), 3.80 (d, J = 4.0 Hz, 1H), 3.21 (d, J = 4.0 Hz, 1H), 2.82 (d, J = 4.0 Hz,
1H), 2.17 (d, J = 13.0 Hz, 1H), 1.55 (d, J = 13.0 Hz, 1H), 1.36 (s, 3H), 1.35 (s, 3H), 0.94 (t, J =
4.5 Hz, 9H), 0.59 (g, J = 15.5, 7.5 Hz, 6H); 13C NMR (125 MHz, CDCls, 293 K): 5 138.4, 116.3,
83.7,80.7, 75.4,65.4,47.0, 45.6, 28.6, 27.0, 6.9, 5.1; HRMS (ESI-TOF) m/z: calcd. for C16H3103Si

[M +H]* =299.2037, found 299.2036.

Preparation of (R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-
ol: To a stirred solution of (((R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-
yDallyl)oxy) triethylsilane (260 mg, 0.870 mmol) in THF (3.50 mL) was added TBAF (1 M in
THF, 1.0 mL) at 0 °C under an open atmosphere. After 20 min at the same temperature, the reaction
mixture was diluted with Et2O (15 mL) and saturated NH4Cl (3.0 mL), filtered through a pad of
Florisil, rinsed with Et,O (4 x 10 mL), and concentrated under reduced pressure. The resulting

residue was purified by flash chromatography (15 to 60% EtOAc in hexanes) on silica gel (30 mL)
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to afford (R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-o0l (101 mg,
63%) as an oil.

Data for (R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-ol: Ry
= 0.30 (40% EtOAC in hexanes); IR (neat) vmax = 3415 (br, OH), 2973, 2928, 2181, 2157, 2074,
2021, 2013, 1975, 1644, 1429, 1381, 1370, 1202, 1265, 1230, 1213, 1165, 1112, 1079, 1042, 997,
924 cm®; [a]o?* +102 (¢ 1.0, CHCl2); *H NMR (400 MHz, CDCls, 293 K): 6 5.89 (ddd, J = 16.8,
10.4, 5.6 Hz, 1H), 5.32 (d, J = 16.8 Hz, 1H), 5.22 (d, J = 10.4 Hz, 1H), 4.11 (s (br), 1H), 3.96 (d,
J=4.0 Hz, 1H), 3.17 (d, J = 4.0 Hz, 1H), 2.84 (d, J = 4.0 Hz, 1H), 2.16 (d, J = 13.6 Hz, 1H), 1.62
(d, J = 13.6 Hz, 1H), 1.37 (s, 3H), 1.36 (s, 3H); 3C NMR (100 MHz, CDCls, 293 K): & 136.4,
116.8, 82.5, 81.0, 73.4, 65.1, 47.2, 45.7, 28.4, 26.8; HRMS (ESI-TOF) m/z: calcd. for C1oH1703

[M +H]* = 185.1172, found 185.11609.

Preparation of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-
4-yhallyl 4-nitrobenzoate: To a 10 mL round bottom flask containing a Teflon-coated magnetic
stir bar, PNBCI (52.6 mg, 0.285 mmol), and crystal of DMAP in CH,Cl, (1.0 mL) was added EtsN
(60 pL, 0.428 mmol), followed by the dropwise addition of alcohol (R)-1-((3R,4R,6R)-6-
(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-ol (37.5 mg, 0.143 mmol)
in CH2Cl> (1.0 mL) at O °C under a nitrogen atmosphere. After 2 h at the same temperature,

saturated NaHCO3 (2.0 mL) was added, and the reaction mixture was extracted with CH2Cl> (3 x
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4.0 mL), dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure. The
resulting residue was purified by flash chromatography (5.0 to 40% EtOAc in hexanes) on silica
gel (10 mL) to afford (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-
yDallyl 4-nitrobenzoate (48 mg, 81 % vyield) as a colorless oil.

Data for (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-
yhallyl 4-nitrobenzoate: Rf = 0.37 (40% EtOAc in hexanes); IR (neat) vmax = 3054, 2978, 2933,
2182, 2157, 2021, 2012, 1975, 1949, 1726, 1645, 1607, 1526, 1428, 1411, 1376, 1347, 1319, 1267,
1172, 1116, 1100, 1014, 982, 932 cm™*; *H NMR (400 MHz, CDCls, 293 K): § 8.30 (d, J = 9.2 Hz,
2H), 8.22 (d, J = 9.2 Hz, 2H), 5.89 (ddd, J = 17.2, 10.4, 6.0 Hz, 1H), 5.60 (dd, J = 6.0, 4.8 Hz,
1H), 5.41-5.36 (m, 2H), 4.20 (d, J = 4.4 Hz, 1H), 3.51 (d, J = 10.4 Hz, 1H), 3.44 (d, J = 10.4 Hz,
1H), 3.12 (d, J = 4.0 Hz, 1H), 2.95 (d, J = 4.0 Hz, 1H), 2.58 (d, J = 13.6 Hz, 1H), 1.70 (d, J = 13.6
Hz, 1H), 1.54 (s, 3H); 1*C NMR (150 MHz, CDCls, 293 K): § 163.6, 150.7, 135.2, 132.1, 130.8,
123.7, 119.6, 82.2, 81.7, 75.9, 64.6, 46.8, 41.9, 40.3, 24.2; HRMS (ESI-TOF) m/z: calcd. for

C17H18BrNOs [M +H]" = 412.03903, found 412. 03814.

HO

\)3274
N
> MOM
—_— NS
N
XN H
N

Preparation of (S,2)-N-((2R,3R,5S,6S)-6-((R,2E,4E)-6-((3R,4R)-6,6-dimethyl-1,5-

dioxaspiro[2.4]heptan-4-yl)-6-hydroxy-3-methylhexa-2,4-dien-1-yl)-2,5-dimethyltetrahydro-2H-
pyran-3-yl)-4-(methoxymethoxy)pent-2-enamide: To a stirred solution of (S,Z)-N-((2R,3R,5S,6S)-
2,5-dimethyl-6-((E)-3-methylpenta-2,4-dien-1-yl)tetrahydro-2H-pyran-3-yl)-4-

(methoxymethoxy)pent-2-enamide (80 mg, 0.229 mmol) open to air in DCE (426 pL) were added
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nitro Grela catalyst (10 mg, 0.015 mmol, 5 mol%), and (R)-1-((3R,4R)-6,6-dimethyl-1,5-
dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-ol in DCE (216 pL, 100 mg/mL solution). After addition,
the reaction was heated to 45 °C. After 2 h, (R)-1-((3R,4R)-6,6-dimethyl-1,5
dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-0l in DCE (208 pL, 100 mg/mL solution) and
nitro Grela catalyst (10 mg) were added. After another 2 h, (R)-1-((3R,4R)-6,6-dimethyl-1,5
dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-ol in DCE (208 pL, 100 mg/mL solution) and nitro Grela
catalyst (10 mg) were added. After a total of 8 h at 45 °C, the reaction was removed from heat and
concentrated. The crude material was dissolved in CH2Cl> (100 mL) and charcoal (1 g, 50x weight)
was added. The reaction was stirred for 3 h, filtered, and concentrated in vacuo. The crude material
was purified by flash chromatography (10 to 70% EtOAc in hexanes) on silica gel (20 mL) to
afford and inseparable mixture of the left fragment dimer and (S,Z)-N-((2R,3R,5S,6S)-6-
((R,2E,4E)-6-((3R,4R)-6,6-dimethyl-1,5dioxaspiro[2.4]heptan-4-yl)-6-hydroxy-3-methylhexa-
2,4-dien-1-yI)-2,5-dimethyltetrahydro-2H-pyran-3-yl)-4-(methoxymethoxy)pent-2-enamide (24
mg, 21% vyield) as a clear oil. This material was further purified by prep TLC followed by prep
HPLC for characterization and used in subsequent biological experiments. (Absorption at 235 nm.
Elution conditions: flow rate = 4.5 mL/min, gradient: 2090% MeCN in water over 18 min.
Column: Agilent Technologies Pursuit XRs 5 C18 150 cm x 10 mm. T = 24 °C. Retention time =
11.3 min).

Data for (S,2)-N-((2R,3R,5S,6S)-6-((R,2E,4E)-6-((3R,4R)-6,6-dimethyl-1,5dioxaspiro
[2.4]heptan-4-yl)-6-hydroxy-3-methylhexa-2,4-dien-1-yl)-2,5-dimethyltetrahydro-2H-pyran-3-
yI)-4-(methoxymethoxy)pent-2-enamide: Rf = 0.26 (60% EtOAc/hexanes); IR (neat): Vmax = 3352,
2973, 2927, 1661, 1634, 1516, 1446, 1369, 1317, 1214, 1156, 1097, 1030 cm™; *H NMR (600

MHz, 293 K, CD2Cl) & 6.27 (d, J = 15.6 Hz, 1H), 5.93 (dd, J = 11.4, 8.4 Hz, 1H), 5.81 (d, J = 8.4
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Hz, 1H), 5.72 (dd, J = 11.4, 1.2 Hz, 1H), 5.60 (dd, J = 15.6, 6.6 Hz, 1H), 5.51 (t, J = 6.6 Hz, 1H),
4.62 (d,J=7.2 Hz, 1H), 4.56 (d, J = 7.2 Hz, 1H), 4.16-4.12 (m 1H), 3.91(d, J = 3.6 Hz, 1H), 3.89—
3.86 (m, 1H), 3.67-3.63 (M, 1H), 3.55-3.53 (m, 1H), 3.33 (s, 3H), 3.09 (d, J = 4.8, 1H), 2.80 (d, J
= 4.8, 1H), 2.39-2.32 (m, 1H), 2.25-2.19 (m, 1H), 2.11 (d, J = 13.4 Hz, 1H), 2.09 (d, J = 5.4 Hz,
1H), 1.93-1.91 (m, 2H), 1.75 (s, 3H), 1.59 (d, J = 13.4 Hz, 1H), 1.35 (s, 3H), 1.33 (d, J = 13.4 Hz,
1H), 1.27 (s, 3H), 1.26 (s, 3H), 1.10 (d, J = 6.6 Hz, 3H), 1.01 (d, J = 6.6 Hz, 3H); 3C NMR (175
MHz, 293 K, CD2Cl») 6 147.1, 136.7, 134.8, 129.6, 125.4, 122.8, 95.2, 83.3, 81.2,81.1, 76.3, 73.8,
69.5, 65.2, 55.5,47.4,47.2,45.9, 36.2, 32.4, 30.1, 29.6, 28.5, 26.9, 21.1, 17.9, 15.3, 12.8; HRMS
(ESI-TOF) m/z: calcd. For C2sHasNO7 [M+H]+ 508.32688, found 508.32590.

*Specific rotation was not obtained for this compound due to insufficient quantity

according to 2021 JOC guidelines.

178



Appendix B. NMR Spectra
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Spectrum 1. *H NMR spectrum of 5,5',5"'-phosphanetriyltris(furan-2-carbaldehyde) (300 MHz, CDCls,

293K).
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Spectrum 2. °C NMR spectrum of 5,5',5"'-phosphanetriyltris(furan-2-carbaldehyde) (100 MHz, CDCls,

293K).
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Spectrum 3. 3P NMR spectrum of 5,5°,5"'-phosphanetriyltris(furan-2-carbaldehyde) (120 MHz, CDCls,

293K).
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Spectrum 4. 'H NMR spectrum of 5,5'-(furan-2-ylphosphanediyl)bis(furan-2-carbaldehyde) (300 MHz,

CDCls, 293K).
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Spectrum 5. 33C NMR spectrum of 5,5'-(furan-2-ylphosphanediyl)bis(furan-2-carbaldehyde) (100 MHz,

CDCls, 293K).
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Spectrum 6. 3P NMR spectrum of 5,5'-(furan-2-ylphosphanediyl)bis(furan-2-carbaldehyde) (120 MHz,

CDCls, 293K).
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Spectrum 7. *H NMR spectrum of 5-(di(furan-2-yl)phosphaneyl)furan-2-carbaldehyde (300 MHz, CDCls,

293K).
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Spectrum 8. 3C NMR spectrum of 5-(di(furan-2-yl)phosphaneyl)furan-2-carbaldehyde (75 MHz, CDCls,

293K).
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Spectrum 9. 3P NMR spectrum of 5-(di(furan-2-yl)phosphaneyl)furan-2-carbaldehyde (120 MHz, CDCls,

293K).
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Spectrum 10. *H NMR spectrum of (phosphanetriyltris(furan-5,2-diyl))trimethanol (400 MHz, CDz0D,

293K).
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Spectrum 11. ¥C NMR spectrum of (phosphanetriyltris(furan-5,2-diyl))trimethanol (100 MHz, DMSO-ds,

293K).

190



T
o
</’ (o)
(o]
\
X
T
=200 ppm

T
-150

T
-100

EER YR p—

T
-50

T
100

Spectrum 12. 3'P NMR spectrum of (phosphanetriyltris(furan-5,2-diyl))trimethanol (160 MHz, CDsOD,

293K).
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Spectrum 13. 'H NMR spectrum of ((furan-2-ylphosphanediyl)bis(furan-5,2-diyl))dimethanol (400 MHz,

CDs0OD, 293K).
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Spectrum 14. 3C NMR spectrum of ((furan-2-ylphosphanediyl)bis(furan-5,2-diyl))dimethanol (125 MHz,

CDCls, 293K).
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Spectrum 15. 3P NMR spectrum of ((furan-2-ylphosphanediyl)bis(furan-5,2-diyl))dimethanol (160 MHz,

CD30D, 293K).
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Spectrum 16. 'H NMR spectrum of (5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol (400 MHz, CD30D,

293K).
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Spectrum 17. BC NMR spectrum of (5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol (160 MHz, CDCls,

293K).
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Spectrum 18. 3P NMR spectrum of (5-(di(furan-2-yl)phosphaneyl)furan-2-yl)methanol (160 MHz, CDs0D,

293K).
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Spectrum 19. 'H NMR spectrum of 2-(methoxymethyl)furan (400 MHz, CDCls, 293K).

198



£
o o
Llom
)
2
)
2
J
L e
(4]
0
(]
LS
[+]
- 5
£FE E — :‘j mﬂVZE
e o
LS
<
02E "7 — — vL'e
)
<
)
wn
L0
wn
)
[{+]
9079 — —_— _u-!_hOD'I»
©w
)
~
£6€° L 3 N
c0pt L | 1 X007
M~
)
[++]
L0
@
o
[=2]
[
[+)]

Spectrum 20. 'H NMR spectrum of 3-(methoxymethyl)furan (300 MHz, CDCls, 293K).
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Spectrum 21. *H NMR spectrum of (5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol (300 MHz, CDCls,

293K).
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Spectrum 22. 3C NMR spectrum of (5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol (125 MHz, CDCls,

293K).
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Spectrum 23. 3P NMR spectrum of (5-(di(furan-2-yl)phosphaneyl)furan-3-yl)methanol (120 MHz, CDCls,

293K).
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Spectrum 24. *H NMR spectrum of di(furan-2-yl)(5-(methoxymethyl)furan-2-yl)phosphane (500 MHz,

CDCls, 293K).
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Spectrum 25. 3C NMR spectrum of di(furan-2-yl)(5-(methoxymethyl)furan-2-yl)phosphane (100 MHz,

CDCls, 293K).
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Spectrum 26. 3P NMR spectrum of di(furan-2-yl)(5-(methoxymethyl)furan-2-yl)phosphane (200 MHz,

CDCls, 293K).
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Spectrum 27. *H NMR spectrum of di(furan-2-yl)(4-(methoxymethyl)furan-2-yl)phosphane (500 MHz,

CDCls, 293K).
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Spectrum 28. 3C NMR spectrum of di(furan-2-yl)(4-(methoxymethyl)furan-2-yl)phosphane (100 MHz,

CDCls, 293K).
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Spectrum 29. 3P NMR spectrum of di(furan-2-yl)(4-(methoxymethyl)furan-2-yl)phosphane (200 MHz,

CDCls, 293K).
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Spectrum 30. *H NMR spectrum of dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-3-

yl)methanol)palladium(l1) (400 MHz, DMSO-ds, 293K).
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Spectrum 31. 3C NMR spectrum of dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-3-

yl)methanol)palladium(l1) (150 MHz, DMSO-ds, 293K).
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Spectrum 32. 3P NMR spectrum of dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-3-

yl)methanol)palladium(l1) (120 MHz, DMSO-ds, 293K).
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Spectrum 33. *H NMR spectrum of dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-2-

yl)methanol)palladium(ll) (400 MHz, DMSO-ds, 293K).
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Spectrum 35. 3P NMR spectrum of dichlorobis((5-(di(furan-2-yl)phosphaneyl)furan-2-

yl)methanol)palladium(l1) (120 MHz, DMSO-ds, 293K).
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Spectrum 36. 'H NMR spectrum of 7-(prop-2-yn-1-yloxy)-3H-phenoxazin-3-one (500 MHz, DMSO-ds, 293K).
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Spectrum 37. ¥C NMR spectrum of 7-(prop-2-yn-1-yloxy)-3H-phenoxazin-3-one (100 MHz, DMSO-ds, 293K).
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Spectrum 38. 'H NMR spectrum of allyl (4-methyl-2-oxo-2H-chromen-7-yl)carbamate (400 MHz, CDCls,

293K).
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Spectrum 39. *C NMR spectrum of allyl (4-methyl-2-oxo0-2H-chromen-7-yl)carbamate (100 MHz, DMSO-ds,

293K).
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Spectrum 40. 'H NMR spectrum of 7-(allyloxy)-2H-chromen-2-one (400 MHz, acetone-ds, 293K).
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Spectrum 41. 3C NMR spectrum of 7-(allyloxy)-2H-chromen-2-one (100 MHz, CDCls, 293K).
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Spectrum 42. *H NMR spectrum of 7-(allylthio)-4-methyl-2H-chromen-2-one (400 MHz, CDCls, 293K).
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Spectrum 43.*C NMR spectrum of 7-(allylthio)-4-methyl-2H-chromen-2-one (100 MHz, CDCls, 293K).
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Spectrum 44. *H NMR spectrum of 7-(allyloxy)-2H-chromen-2-one (400 MHz, CDCls, 293K).
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Spectrum 45. 'H NMR spectrum of (4-methyl-2-oxo-2H-chromen-7-yl)carbamate (400 MHz, CDCls, 293K).
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Spectrum 46. *H NMR spectrum of 7-((2-methylallyl)oxy)-3H-phenoxazin-3-one (300 MHz, CDCls, 293 K).
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Spectrum 47. BC NMR of 7-((2-methylallyl)oxy)-3H-phenoxazin-3-one (100 MHz, CDCls, 293 K).
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Spectrum 48. 'H NMR of (E)-7-(but-2-en-1-yloxy)-3H-phenoxazin-3-one (300 MHz, CDCls, 293 K).
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Spectrum 49. BC NMR of (E)-7-(but-2-en-1-yloxy)-3H-phenoxazin-3-one (100 MHz, CDCls, 293 K).
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Spectrum 50. 'H NMR of 7-(cinnamyloxy)-3H-phenoxazin-3-one (400 MHz, CDCls, 293 K).
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Spectrum 51. BC NMR of 7-(cinnamyloxy)-3H-phenoxazin-3-one (100 MHz, CDCls, 293 K).
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Spectrum 52. 'H NMR of 7-((3-methylbut-2-en-1-yl)oxy)-3H-phenoxazin-3-one (400 MHz, CDCls, 293 K).
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Spectrum 53. BC NMR of 7-((3-methylbut-2-en-1-yl)oxy)-3H-phenoxazin-3-one (100 MHz, CDCls, 293 K).
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Spectrum 54. 'H NMR of 7-(but-3-en-2-yloxy)-3H-phenoxazin-3-one (300 MHz, CDCls, 293 K).
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Spectrum 55. BC NMR of 7-(but-3-en-2-yloxy)-3H-phenoxazin-3-one (100 MHz, CDCls, 293 K).
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Spectrum 56. *H NMR spectrum of (1R,2R)-1-((R)-2-(2-methylallyl)oxiran-2-yl)but-3-ene-1,2-diol (400 MHz,

CDCls, 293K).
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Spectrum 57. C NMR spectrum of (1R,2R)-1-((R)-2-(2-methylallyl)oxiran-2-yl)but-3-ene-1,2-diol (100 MHz,
CDCls, 293K).
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Spectrum 58. . 'H NMR spectrum of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-

4-yl)prop-2-en-1-ol (400 MHz, CDCls, 293K).
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Spectrum 59. *C NMR spectrum of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-

4-yl)prop-2-en-1-ol (100 MHz, CDCls, 293K).
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Spectrum 60. NOESY spectrum of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-

yl)prop-2-en-1-ol (400 MHz, CDCls, 293K).
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Spectrum 61. COSY spectrum of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-

yl)prop-2-en-1-ol (400 MHz, CDCls, 293K).
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Spectrum 62. HMBC spectrum of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-

yl)prop-2-en-1-ol (400 MHz, CDCI3, 293K).
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Spectrum 63. HSQC spectrum of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-4-

yl)prop-2-en-1-ol (400 MHz, CDCI3, 293K).
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Spectrum 64. 'H NMR spectrum of (((R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-

4-ylallyl)oxy)triethylsilane (400 MHz, CDCls, 293K).
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Spectrum 65. *C NMR spectrum of (((R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-

dioxaspiro[2.4]heptan-4-yl)allyl)oxy)triethylsilane (100 MHz, CDCls, 293K).
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Spectrum 66. *H NMR spectrum of (((R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-

ylallyl)oxy)triethylsilane (400 MHz, CDCls, 293K).
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Spectrum 67. 3C NMR spectrum of (((R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-

ylallyl)oxy)triethylsilane (100 MHz, CDCls, 293K).
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Spectrum 68. 'H NMR spectrum of (R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-ol

(400 MHz, CDCls, 293K).

247



ppm

386 —

“\ uH“ |

61 LE ——

T
70

8|

80

T0H —
6% Cd ——" ——

T

T

T T T T T

180 170 160 150 140 130 120 110 100 90

T

T
210 200 190

Spectrum 69. 3C NMR spectrum of (R)-1-((3R,4R)-6,6-dimethyl-1,5-dioxaspiro[2.4]heptan-4-yl)prop-2-en-1-

ol (100 MHz, CDCls, 293K).
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Spectrum 70. 'H NMR spectrum of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-

4-yl)allyl 4-nitrobenzoate (400 MHz, CDCls, 293K).
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Spectrum 71. *C NMR spectrum of (R)-1-((3R,4R,6R)-6-(bromomethyl)-6-methyl-1,5-dioxaspiro[2.4]heptan-

4-yl)allyl 4-nitrobenzoate (100 MHz, CDCls, 293K).
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Spectrum 72. 'H NMR spectrum of (S,2)-N-((2R,3R,5S,6S)-6-((R,2E,4E)-6-((3R,4R)-6,6-dimethyl-1,5-
dioxaspiro[2.4]heptan-4-yl)-6-hydroxy-3-methylhexa-2,4-dien-1-yl)-2,5-dimethyltetrahydro-2H-pyran-3-yl)-4-
(methoxymethoxy)pent-2-enamide (600 MHz, CD2Clz, 293K).
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Spectrum 73. C NMR spectrum of (S,Z)-N-((2R,3R,5S,65)-6-((R,2E,4E)-6-((3R,4R)-6,6-dimethyl-1,5-
dioxaspiro[2.4]heptan-4-yl)-6-hydroxy-3-methylhexa-2,4-dien-1-yl)-2,5-dimethyltetrahydro-2H-pyran-3-yl)-4-

(methoxymethoxy)pent-2-enamide (150 MHz, CD:Clz, 293K).
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