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Abstract

Structural Diversification of Saturated Cyclic Amines Through Photo- and Metal-Mediated
Ring Opening

by

David Martin Soro

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Richmond Sarpong, Chair

This dissertation describes studies toward the core modification of cyclic aliphatic amines
aimed at late-stage structural diversification. The main strategy involves oxidative C–N
and/or C–C bond cleavage to open the cyclic amine core, and this work explores mild meth-
ods for ring opening in order to provide wide functional group tolerance, as well as oppor-
tunities for bond formation following ring opening. These investigations are contingent on
the use of peroxydisulfate (persulfate) as a versatile oxidant that can be paired with metal
or non-metal oxidative mediators for a set of distinct outcomes involving transformation of
the cyclic amine framework. Specifically, Chapter 1 discusses mild, oxidative ring opening
of cyclic amines to access linear aldehydes using flavin-derived photoredox catalysis. Lin-
ear carboxylic acids are also accessed with copper salts as a mediator. The mechanisms of
these two reactions are investigated by computation. The computations suggest that the
flavin-mediated oxidation is initiated by hydrogen-atom transfer from the cyclic amine to
the photocatalyst, whereas the copper-mediated process begins instead with single-electron
oxidation of the cyclic amine with concomitant reduction of persulfate. Chapter 2 describes
ring opening of cyclic amines and subsequent C–C and C–O bond formation in one-pot re-
actions, enabled by the intermediacy of a primary alkyl radical. Ring opening followed by
radical decarboxylation with Ag(I) and persulfate enables a Minisci-type Csp3–Csp2 cou-
pling to form alkylamine-substituted pyridines. Additionally, Cu(II) oxidation of the alkyl
radical arising from N-acylated cyclic amines leads to a C–O bond-forming cyclization event
producing oxazines, constituting a heterocycle replacement of the cyclic amine core. While
Cu(II) oxidations of radicals typically favor elimination pathways leading to olefins, com-
putational studies into the cyclization indicate that cyclization is kinetically preferred over
elimination in this instance.
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clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14



iii

1.10 Computed ring opening mechanism for intermediate [(LH)–(NaSO4)]–[NaSO4–
Cu(II)BF4]. Gibbs free energies are reported in kcal/mol. Label (S) represents a
singlet electronic state. Bond lengths are reported in Å. For simplicity, the BF4
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Chapter 1

Development of Mild Conditions for
Oxidative Ring-Opening of Cyclic
Amines

∗

1.1 Introduction

Modern drug discovery has benefited from advancements in chemical reaction development.1

For example, the development of selective C–H functionalization has changed how synthetic
chemists approach the retrosynthetic analysis of bioactive compounds.2 Largely, disconnec-
tions of molecules to simpler precursors through a retrosynthesis exercise focuses on removal
of peripheral groups.3,4 As a result, in the forward sense, syntheses and late-stage diversifica-
tion of molecules have mostly focused on peripheral modification. Alternatively, an emerging
approach to access novel chemical space has been centered around making modifications to
the core framework of molecules, in contrast to traditional molecular structural diversifica-
tion approaches.5,6 Recognizing a need for more methods to accomplish modification of the
core framework of molecules (skeletal editing) to access unique chemical and functional space,
we have initiated a program aimed at the deconstructive functionalization (i.e., breaking of
traditionally strong bonds, such as C–C and C–N bonds, and functionalization of their con-
stituent atoms) of saturated cyclic amines in order to access new chemical space. We have
primarily focused on saturated azacycles, especially piperidines, given their prevalence in
pharmaceuticals,7 as well as agrochemicals.8 Our previous studies have identified ring open-
ing,9 ring contraction,10 as well as heterocycle replacement methods11 for achieving skeletal
diversity (Figure 1.1A).

We have found oxidative pathways to be particularly effective for the deconstructive
functionalization of cyclic aliphatic amines (saturated azacycles).9,10 In complementary ap-
proaches, others have demonstrated oxidative bond cleavage of cyclic amines under aerobic
conditions,12–14 as well as through the use of metal-oxo species.15–17 While these strategies

∗This chapter is adapted from previously published work: J. Am. Chem. Soc. 2023, 145, 11245–11257.
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Figure 1.1: A. Site selective C–H functionalization and skeletal editing; B. Prior work; C.
This work.

provide effective ways to achieve diversity in cyclic amine transformations, metal-oxo cata-
lysts tend to favor oxidative pathways leading to imide products;18 peripheral modification
is favored over core modification for these catalysts. Our goal was to develop a straightfor-
ward, distinct approach that would achieve a reconfiguration of the cyclic amine skeleton
through structural transformations beyond ring opening. Peroxydisulfate (persulfate) has
been shown to serve as a versatile oxidant in various contexts. Given its high oxidation
potential (2.01 V in aqueous solution),19,20 the redox reactivity of persulfate with transition
metals or organic substrates can lead to different outcomes. In particular, persulfate has
been used in the oxidative functionalization of amines, providing access to α-amino radicals
and iminium intermediates.21 On this basis, our lab previously reported the deconstructive
diversification of cyclic amines using a Ag(I)-persulfate combination (Figure 1.1B).9,10 With
the goal of increasing the diversity of scaffolds that could be accessed, we envisioned that
persulfate might serve a key role in the deconstructive functionalization of saturated cyclic
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Figure 1.2: A. Flavin derivatives; B. Proposed reaction mechanism for the ring-opening
oxidation of cyclic amines using riboflavin tetraacetate; C. Selected reaction optimization
experiments (see Section 1.4 for full details); D. Typical redox states of flavin molecules.

amines by mediating the cleavage of the C–N bond to provide novel acyclic structures. By
pairing the persulfate oxidant with various redox-active co-reagents, we anticipated tuning
the deconstructive process in order to access a broad range of scaffolds.

Herein, we present complementary efforts that achieve saturated azacycle diversification.
Specifically, we report two mild oxidative ring opening methods using riboflavin-persulfate
and copper-persulfate combinations that generate aldehydes and acyclic alkyl carboxylic
acids, respectively (Figure 1.1C).

1.2 Results and Discussion

Bio-inspired deconstructive functionalization

Flavins, a set of molecules featuring an isoalloxazine core (Figure 1.2A), are key facilita-
tors in a subset of biological electron transfer processes including the oxidation of amines
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Scheme 1.1: Light or thermal driven homolysis of persulfate leading to cyclic amine oxidation.

by monoamine oxidases (MAOs).22 They have also been used in non-biological contexts for
similar purposes.23 As such, we wondered whether they could effect non-biological oxidative
diversification of cyclic aliphatic amines. A general mechanism for our proposed transforma-
tion of saturated cyclic amines using the riboflavin-persulfate system is depicted in Figure
1.2B. Excitation of an isoalloxazine derivative (2.A) was expected to generate an excited
state photocatalyst (2.B*). This excited state species should then oxidize cyclic amine 1a
via photoinduced electron transfer (PET) to produce an amidyl radical cation (1aox) and
reduced photocatalyst (2.C). Oxidation of the reduced photocatalyst by a persulfate ion
would regenerate quinone 2.A as well as a sulfate radical anion. The sulfate radical anion
was anticipated to effect α-amino C–H abstraction of 1aox to generate iminium ion 1.A.
As previously proposed by our group using the combination of Ag(I) and persulfate,9,10 the
resulting iminium ion (1.A) would then be trapped by H2O to give hemi-aminal 1.B, which
would suffer heterolytic C–N bond cleavage to furnish aldehyde 3a. A pivaloyl group on the
nitrogen atom was identified previously to be optimal in favoring the open-chain aminoalde-
hyde product (3a).10

We commenced our investigations of the oxidative C–N bond cleavage by evaluating a
broad range of photoredox catalysts, oxidants, and solvent combinations (See Section 1.4 for
details). After extensive optimization, we identified the conditions shown in Figure 1.2C that
employ 5 mol% of riboflavin tetraacetate, 3 equivalents of K2S2O8 in a 1:1 (v/v) mixture of
MeCN/H2O, and irradiation with blue light-emitting diodes (Kessil brand A160WE Tuna
Blue LED 40 W lamp).

We considered whether the quinone state of the riboflavin photocatalyst (see 2.A in
Figure 1.2D) might oxidize the cyclic amine substrate and form its one-electron-reduced
semiquinone state (2.E). 2.E might be subsequently oxidized without reaching the fully re-
duced hydroquinone state (2.F), although that remained to be fully supported by additional
studies. We hypothesized that upon generation of semiquinone 2.E, oxidation by persul-
fate occurs to regenerate 2.A, the corresponding sulfate dianion, and sulfate radical anion.
Furthermore, the sulfate radical anion can also oxidize semiquinone 2.E.
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To investigate our mechanistic hypothesis, we investigated the outcome of the reaction
under a series of altered conditions. Performing the reaction without sparging the reaction
mixture (entry 1, Figure 1.2C) led to a slightly diminished yield, presumably due to some cat-
alyst deactivation by molecular oxygen. In the absence of riboflavin tetraacetate, only a 30%
yield of product is obtained (entry 2). Likely, in this case, the product arises from light or
thermal activation in which homolytic O–O cleavage of the persulfate leads to two sulfate rad-
ical anions which effect α-amino C–H abstraction leading to 1.D followed by single-electron
oxidation to generate 1.A (Scheme 1.1). An alternative productive pathway, given the oxi-
dizing strength of sulfate radical anions (+2.4 V vs. SCE), could proceed through an initial
oxidation of the substrate, forming radical cation 1.E, prior to α-amino C–H abstraction.24

The light-driven homolysis of persulfate has been previously reported.20 Unfortunately, in-
creased loadings of K2S2O8 along with increased temperature and/or longer reaction times
did not improve the yield, leading instead to undesired reactivity such as over-oxidation.
The use of riboflavin instead of riboflavin tetraacetate also led to diminished yields (entry
4). Riboflavin has been reported to undergo rapid photodegradation upon irradiation,25,26

which might contribute to the decreased yields. The acetylation of the ribose side chain
(i.e., riboflavin → riboflavin tetraacetate) presumably prevents competing intramolecular
hydrogen atom transfer from the T1 excited state.27

In our studies, persulfate emerged as the superior oxidant as other oxidants led to lower
yields (entry 5). Control studies confirmed the importance of both the oxidant and light
source as the desired product was not observed when either component was excluded from the
reaction conditions. Irradiation with 450 nm blue LEDs (Penn PhD Photoreactor M2) in the
absence of riboflavin tetraacetate led to recovered starting material (entry 7). Presumably,
O–O bond homolysis does not occur with irradiation at 450 nm;28 this is also supported
by our calculated UV–Vis spectrum of K2S2O8 (see Section 1.4). Additionally, the use
of one equivalent of riboflavin tetraacetate as the sole oxidant in the reaction led only to
recovery of the starting material without any observed product formation. However, upon the
combination of 5 mol% of riboflavin tetraacetate with persulfate, a 75% yield of aldehyde 3a
was obtained (entry 6). These experiments, as well as the low yields obtained using K2S2O8

alone, suggest the major pathway for product formation is not light- or thermal-driven
O–O bond homolysis followed by SET. Rather, it is driven by the combined action of the
photocatalyst and oxidant. Furthermore, no correlation was observed between the excited
state triplet energies of the photocatalysts examined and starting material consumption (see
Section 1.4 for details). These experiments imply triplet energy transfer pathways are not
operating in these oxidative ring-opening reactions.

Following our identification of an efficient set of conditions, we investigated the scope of
the transition metal-free oxidative C–N cleavage protocol (Figure 1.3). Various substitution
patterns on the piperidine ring were tolerated, providing access to the corresponding acyclic
amines in moderate to good yields (43–95%). For example, 4-subsituted piperidines (1b–1f)
led to β-substituted aliphatic aldehydes (3b–3f). Notably, piperidines containing benzylic
sites that are susceptible to oxidation afforded the corresponding aldehydes (3b and 3c) in
62% and 43% yield, respectively. Piperidines bearing ester functional groups on the satu-
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Figure 1.3: Cyclic amine scope. Only isolated yields are shown. Reaction conditions:
Cyclic amine (0.2 mmol), RTA (5 mol%), K2S2O8 (3 equivalents), MeCN: H2O (1:1), blue
LEDs, 2 hours. All reactions were conducted using a Kessil lamp for irradiation. aMajor
isolated constitutional isomer shown. bIsolated yield of acid product: 3m: 2.5%, 3n: 13%).
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Figure 1.4: Schematic presentation of radiative generation of the S2 excited state of the
riboflavin-persulfate-substrate adduct (2.A.m)–[K2S2O8]–1a. All energies are shown in
kcal/mol.

rated azacycle backbone (e.g., 1e and 1f) also worked well. Complete positional selectivity
was observed when 2-substituted piperidines (1g, 1h) were subjected to the oxidative ring
opening protocol. Presumably, the selectivity that is observed is dictated by sterics in ac-
cordance with literature precedent.9,10,29 However, 3-substituted piperidines (3i, 3j) gave a
mixture of constitutional isomers.

Our transition metal-free oxidative protocol is not limited to piperidines. For example,
skeletal diversification of the tetrahydroisoquinoline skeleton, which is present in a signif-
icant number of pharmaceuticals and natural products,30,31 is also possible. N -Pivaloyl-
tetrahydroisoquinoline 1k underwent oxidative ring opening to provide aldehyde 3k in 52%
yield. Notably, the C–N bond proximal to the arene ring was selectively cleaved. Fur-
thermore, competing α-C–H abstraction was not observed despite the presence of two ether
functional groups in 1l; benzaldehyde 3l was obtained in 95% yield. The α-arylation of ethers
has been recently reported featuring open-shell alkyl radical intermediates which add to het-
eroarenes (i.e., Minisci reaction).32 In these cases, the participating radicals were generated
by hydrogen atom abstraction with persulfate.

Saturated azacycles of various ring sizes underwent oxidative ring opening to provide
the corresponding aliphatic aldehydes in moderate to good yield (60%–91%). However,
in the case of 3m and 3n, the aldehyde groups underwent subsequent oxidation to the
corresponding carboxylic acids, resulting in a mixture of products that was easily separated
(see Section 1.4 for details).

In order to gain insight into the transition metal-free oxidative C–N cleavage protocol,
we turned to density functional theory (DFT) and time-dependent DFT (TD-DFT) calcu-
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Figure 1.5: Computed reaction pathways for the oxidation of 1a to 1.A. All energies are
Gibbs free energies listed in kcal/mol (energy differences are shown in parentheses).

lations.† Following a series of computations to validate our models (see Section 2.4), we
selected riboflavin monoacetate (2.A.m, where “m” stands for monoacetate) as a model for
riboflavin tetraacetate (2.A), which was used in our experiments. The calculations show that
the formation of (2.A.m)–[K2S2O8] adduct is exergonic by 5.9 kcal/mol. Since the coordina-
tion of 1a to (2.A.m)–[K2S2O8] that leads to the (2.A.m)–[K2S2O8]–(1a) adduct, S0, is also
exergonic (by 3.2 kcal/mol), we selected the S0 adduct as the photon-absorbing species which
aligns with precedent demonstrating prior coordination of persulfate to the photocatalyst.33

Here, we discuss only the energetically lowest conformers of every calculated structure and
the corresponding Gibbs free energies unless otherwise stated—full computational details are
described in Section 1.4.

Our calculated reaction mechanism for the oxidation of 1a is described in Figure 1.5.
Irradiation of S0 with blue light (see Section 1.4 for the computed UV–Vis spectra of S0,
(2.A.m)–[K2S2O8], and 2.A.m) results in excitation to its S2 bright state (see Figure 1.4).
Its energetically lower-lying S1 state is a largely dark state that is unlikely to contribute to
the reaction (see Section 1.4). The bright S0/S2 transition is the (HOMO–1)–LUMO (i.e.,

†Calculations were performed by Djamaladdin G. Musaev and Alexey L. Kaledin at the Cherry L.
Emerson Center for Scientific Computation and Department of Chemistry, Emory University, 1515 Dickey
Drive, Atlanta, GA, United States.
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Figure 1.6: Initial rates for 1a and 1a-d10; kH/kD = 1.1. Intermolecular competition experi-
ments (0.05 mmol 1a + 0.05 mmol 1a-d10); [PH]/[PD] = 1.0. See Section 1.4 for full details.

π–π*) transition associated with the riboflavin fragment (see Section 1.4). The excited S2

state of this system quenches to the optically dark triplet state T1 (through the T1’ state, see
Figures 1.4 and 1.5) through the S0/T1 seam of crossing (MSX), which was determined to
have a minimum point of 3.02 eV. Thus, the photoinitiated S0→T1 transition is controlled by
the minimum on the S0/T1 seam of crossing (MSX), which is energetically easily accessible at
the wavelengths used in our experiments. The MSX serves as an interfacial “funnel”, which
can also be described as intersystem crossing (ISC), from the optically bright singlets to
the reactive T1 potential energy surface. The calculated 1.06 eV energy difference between
the MSX point and the T1 minimum of the complex is internal energy that is available
to complete the hydrogen atom transfer (HAT) from cyclic amine 1a to the excited state
riboflavin-persulfate complex. This process has no associated energy barrier and forms the
triplet state intermediate (T)-1. This conclusion is consistent with parallel reaction KIE
studies using Piv-protected piperidine-d10 (1a-d10). The results of the parallel experiments
and intermolecular competition experiments do not support rate-limiting C–H bond cleavage
(see Figure 1.6). Additionally, while we could not rule out radical chain pathways,34 a light
on/off study revealed that any chain processes are short-lived, and irradiation is required for
continued product formation (See Section 1.4).

Calculations show that the formation of intermediate (T)-1 is exergonic by 11.4 kcal/mol,
relative to the optimized T1 state. Our computational analyses show that (T)-1 possesses
one less α-amino H-atom and has almost one full α-spin. Another unpaired α-spin is located
in the riboflavin fragment. The subsequent SET from the α-amino radical (i.e., 1a’) to
(2.E.m)–[K2S2O8] in (T)-1 is almost thermoneutral. In the resulting singlet state interme-
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diate (S)–1, the isoalloxazine is fully reduced and iminium ion 1.A has formed. Extensive
analyses show that the (T)-1→(S)-1 transition occurs through the triplet-to-singlet seam
of crossing (MSX), which has a minimum point located only 2.4 kcal/mol higher than
(T)-1; therefore, the SET in (T)-1 is a facile process and the (T)-1→(S)-1 transition is
exergonic by only 0.3 kcal/mol. Dissociation of iminium ion 1.A from (S)–1, requires only
10.4 kcal/mol and completes the formation of the iminium ion and intermediate (S)–2 (see
Section 1.4 for subsequent reactions from the (S)–2 intermediate).

In summary, our calculations show that irradiation of a mixture of riboflavin tetraacetate,
modeled as riboflavin monoacetate (2.A.m), potassium persulfate, and N -Piv-piperidine 1a
with blue light generates the triplet state intermediate T1 through the S0/T1 seam of crossing
(MSX), which is energetically accessible at the wavelengths used in our experiments. The
iminium ion (1.A) generation from the T1 intermediate is a barrierless, photon-controlled
process and occurs by a stepwise “H-atom then electron transfer” mechanism. This conclu-
sion is the opposite of our initial hypothesis involving “electron then H-atom transfer” but
is consistent with our experimental KIE studies.

Copper-mediated deconstructive functionalization

During our investigation of the photocatalytic oxidative ring opening of cyclic amines, we
noted, in some cases, subsequent oxidation of the generated aldehyde products to the corre-
sponding carboxylic acids. Given the potential of these readily accessed carboxylic acids in
subsequent derivatizations, we also explored complementary transition metal-mediated pro-
cesses that would achieve oxidation of the aldehyde and provide access to alkyl carboxylic
acids. Given the mild oxidation properties of copper salts (Cu(II)/Cu(I): –0.09 V vs. SCE;35

Flavins: +1.67 V vs. SCE;36 N-acyl cyclic amines: +1.13 V vs. SCE9), we envisaged a
process in which a Cu(I) salt is oxidized by persulfate to Cu(II), forming a sulfate ion and a
sulfate radical anion as by-products. Under these conditions, oxidation of cyclic amine sub-
strates through a HAT/SET process analogous to that depicted in Scheme 1.1 was expected.
Upon formation of the open chain aldehyde, a second oxidation to the carboxylic acid would
be achieved through a Cu(II)/Cu(I) cycle.

Following optimization of the reaction conditions, N-Piv-piperidine was converted to car-
boxylic acid 4a in 55% yield using 25 mol% Cu(MeCN)4BF4 and 4 equivalents of sodium
persulfate in an acetone/water mixture. Cyclic amines of various ring sizes (1m–1o, Figure
1.7) also underwent ring opening to form carboxylic acids with a range of chain lengths in
moderate yield (53–61%). Piperidines bearing an α-methyl substituent (1g), analogous to
our observations described above using riboflavin tetraacetate (Figure 1.3), exhibited selec-
tive ring opening on the less substituted side of the ring, giving the corresponding product
in 49% yield. Other piperidine derivatives with various substitution patterns (1c–1e, 1q)
also participated in the ring opening. Esters and other substituents that possess activated
benzylic hydrogens were tolerated and resulted in moderate yields (48–54%). The Cu(I)-
mediated ring opening reaction was also extended to other medicinally relevant saturated
azacycles including perhydroquinoline (1p), pipecolic acid methyl ester (1r), and proline
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methyl ester (1s) in 52%, 62%, and 60% yield, respectively. Interestingly, a cyclic amine
bearing an α-phenyl substituent resulted in the formation of a linear aryl ketone product (4t)
along with a small amount (9%; 21%, based on recovered starting material; brsm) of a δ-keto
acid product resulting from a second set of oxidations at the α-position of the amine (see
Section 1.4 for details). Spiro-fused cyclopropyl piperidine 1u was also converted to the cor-
responding carboxylic acid (4u; 55% yield) without competing opening of the cyclopropane,
which may have occurred under more forcing conditions.

This mild, oxidative ring-opening process can also be applied to the selective modification
of amino acid sequences. Since polypeptides contain N-acylated cyclic amines in the form
of proline residues, this method may provide a route for their modification.37,38 The copper-
mediated oxidative ring-opening of a proline residue effectively transforms it to a glutamate
residue through this direct core modification method. As is well recognized, the cyclic
structure of proline imparts unique structural characteristics to peptide sequences because
of its dihedral angle.39–41 As such, transforming a proline residue into a glutamate residue
may not only impact the primary structure of a protein through a change in the amino acid
sequence, but could also have implications on larger scale structures by influencing protein
folding. While the transformation of a proline residue into glutamate has been reported
previously,12,17 the existing methods require the use of catalysts that are either expensive
or not commercially available, and therefore these reaction conditions might be difficult to
translate into industrial processes. Our method makes use of a cheap, commercially available
catalyst that does not require difficult-to-access ligands.

We demonstrated the potential for modification of peptide sequences by performing a
ring-opening oxidation on two dipeptides, Pro-Thr 5a and Pro-Val 5b (Figure 1.8). The re-
sulting glutamate-bearing edited dipeptides were obtained in moderate yield (56% and 74%,
respectively). Since the newly formed glutamate residue should serve as a reactive handle in
esterification, amidation, and decarboxylation processes, we also briefly investigated subse-
quent transformations of the Glu-Val dipeptide. For example, esterification of the dipeptide
with N-hydroxyphthalimide (NHPI) resulted in the corresponding NHPI ester (7a) in 80%
yield. Given the emerging methods for engaging NHPI esters in cross-couplings,42 7a may
be used in a range of decarboxylative coupling reactions. The glutamic acid side chain could
also be engaged in simple peptide couplings. For example, an amide coupling using valine
led to branched peptide 7b in 50% yield.

Computational Study of the Cu(I)-mediated deconstructive C–H
functionalization of 1a using sodium-persulfate as an oxidant

In order to gain further insight into the Cu(I)-mediated oxidative opening of aliphatic amines
derivatives (e.g., 1a) to form ring-opened carboxylic acids, we initiated DFT studies using
CuBF4 to model Cu(I), N-Piv-piperidine 1a as a substrate, and sodium persulfate (Na2S2O8)
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Figure 1.7: Copper mediated oxidative ring opening of cyclic amines: Reaction
scope. Only isolated yields are shown. Reaction conditions: cyclic amine (0.2 mmol),
Cu(MeCN)4BF4 (25 mol%), Na2S2O8 (4 equivalents), acetone:H2O (1:9), 24 h. aReaction
performed in acetone:H2O (1:1). bReaction performed with 1 equivalent of Cu(MeCN)4BF4.
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Figure 1.8: Peptide diversification. Only isolated yields are shown. See Section 1.4 for
full experimental details.

as an oxidant (see Section 1.4 for details).‡ Similar to our previously reported Ag(I)-mediated
C–C deconstructive fluorination of N-benzoylated cyclic amines using Selectfluor,9,43 one
would expect either 1a (represented as LH in Figure 1.9 to highlight and closely follow the
anticipated H-atom transfer) or sodium persulfate coordination to the Cu(I)-center as a first
step. Our calculations show that sodium persulfate coordination to CuBF4 is thermodynam-
ically more favorable by 2.9 kcal/mol (26.2 vs 29.1 kcal/mol for the direct H-atom transfer)
and leads to the singlet state adduct [CuBF4]–[Na2S2O8] (see Section 1.4 for more details).

From singlet state adduct [CuBF4]–[Na2S2O8], SET could occur either prior to or after
substrate coordination to the Cu(I)-center. In either case, SET from the Cu(I) center to
sodium persulfate leads to O–O bond cleavage and formation of sodium sulfate and a sulfate
radical anion. Should the SET occur prior to substrate coordination to the Cu(I) center, the
ring-opened aldehyde product (3a) will form through a radical pathway initiated by H-atom
abstraction by the sulfate radical anion (shown in Scheme 1.1). However, our calculations
show that the SET most likely occurs upon substrate coordination to the Cu(I) center since
the formation of the triplet state Cu(II) intermediate [(LH)–(NaSO4)]–[NaSO4–Cu(II)BF4] is

‡Calculations were performed by Djamaladdin G. Musaev and Alexey L. Kaledin at the Cherry L.
Emerson Center for Scientific Computation and Department of Chemistry, Emory University, 1515 Dickey
Drive, Atlanta, GA, United States.
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Figure 1.9: Computed reaction mechanism for the formation of intermediate
[(LH)–(NaSO4)]– NaSO4–Cu(II)BF4] upon reaction of CuBF4, LH and sodium persulfate
(Na2S2O8). Here, Gibbs free energies are in kcal/mol. Labels (S) and (T) represent the
singlet and triplet electronic states, respectively. Spin densities, S(X), and Mulliken charges,
q(X), are given in |e|. Geometries are in Å. BF4 anions are omitted for clarity.

highly favored relative to the dissociation limit of (LH) + [CuBF4]–[Na2S2O8]. Interestingly,
as shown in Figure 1.9, in the Cu(II) intermediate [(LH)–(NaSO4)]–[NaSO4–Cu(II)BF4], the
S1O4 sulfate anion (left side of the structure, each SO4 unit here is denoted as S1O4 or
S2O4 for distinction) is coordinated to the Cu(II)-center (Cu–O5 bond length = 1.940 Å).
The second sulfate anion (S2O4) is weakly associated with the Cu-coordinated substrate
(H2–O2 = 2.504 Å and H2–O1 = 2.472 Å). These sulfate anions are bridged by the two
sodium cations. Since the SET is expected to be very fast and occur through the singlet-to-
triplet seam of crossing for the [CuBF4]–[Na2S2O8] complex, it should not impact the rate
of reaction or reaction outcome. Therefore, here, an in-depth analysis of this path was not
conducted.44,45 The next step of the reaction, H-atom abstraction from the C2-position of
the N-acylated piperidine substrate by the S2O4 sulfate anion, is illustrated in Figure 1.10a.
This step is a two-state reactivity event (i.e., starts from a triplet state pre-reaction complex
and results in a singlet state product) that has a small free energy barrier of 4.1 kcal/mol
at the triplet state transition state TS(H-transf.). The net process is highly exergonic
(by 56.0 kcal/mol). Interestingly, IRC calculations show that while this process begins with
abstraction of a H-atom from C2 by the O2-atom of the S2O4 sulfate anion at TS(H-
transf.), it culminates in a product where the abstracted H-atom has been transferred to
the second sulfate anion (i.e., S1O4) and the O2-atom of the S2O4 sulfate anion is coordinated
to the piperidine ring at the C2-position. Overall, this H-atom abstraction event leads to
the formation of a singlet state product [L-OSO3Na]–[NaHSO4–CuBF4] which is a complex
of the [L-OSO3Na] and [NaHSO4–CuBF4] fragments. Charge density analyses show that the
[L-OSO3Na] unit possesses an overall +0.57 |e| charge.

Calculations show that in the presence of water molecules (see Figure 1.10b), in-
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Figure 1.10: Computed ring opening mechanism for intermediate [(LH)–(NaSO4)]–[NaSO4–
Cu(II)BF4]. Gibbs free energies are reported in kcal/mol. Label (S) represents a singlet
electronic state. Bond lengths are reported in Å. For simplicity, the BF4 fragment is omitted.
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termediate [L-OSO3Na]–[NaHSO4–CuBF4] is in equilibrium with the hemiaminal (i.e.,
[(LOH)–CuBF4]–[NaHSO4]2). The hemiaminal is the product of H–OwH hydrolysis of
the L–OSO3Na bond. Multiple proton-shuttles occur between the N-center of the
substrate and HSO4– unit, as well as be-tween the LOH and HSO4– units, which
leads to formation of intermediate [(LNHCO)–CuBF4]–[NaHSO4]2. Calculations show
that [(LNHCO)–CuBF4]–[NaHSO4]2 is only 2.4 kcal/mol lower in free energy than the
[(LOH)–CuBF4]–[NaHSO4]2 complex. At this time, we cannot rule out the formation of
[(LNHCO)–CuBF4]–[NaHSO4]2 through outer-sphere protonation-deprotonation by other
molecules of water from the solvent.

Dissociation of LNHCO from [(LNHCO)–CuBF4]–[NaHSO4]2 leads to free aldehyde 3a.
The computational data presented above shows that the overall reaction (LH) + CuBF4 +
Na2S2O8 → (LNHCO) + [CuBF4]–[NaHSO4]2 is highly exergonic (by 126.2 kcal/mol) and
will proceed spontaneously without a significant energy barrier. Under the oxidative reaction
conditions, it is likely that the resulting aldehyde (3a) is oxidized to the corresponding
carboxylic acid 4a (see Figure 1.10B).46

1.3 Conclusion

In summary, we have developed deconstructive functionalizations of cyclic aliphatic amines
to achieve skeletal diversification that build on our previous reports.9–11 We developed two
methods for ring-opening transformations, achieving an organo-photocatalytic formation of
linear aldehydes with riboflavin tetraacetate and a Cu(I)-mediated oxidation to access amine
derivatives bearing carboxylic acid groups. Our calculations of the photoinduced oxidation
of piperidines by riboflavin tetraacetate suggest that the oxidation is initiated by a photon-
driven HAT. For the Cu-mediated oxidation of cyclic amines, the oxidation is instead initiated
by a SET resulting in peroxy bond homolysis of persulfate.
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1.4 Experimental Section

Solvents and Reagents
Tetrahydrofuran (THF) and triethylamine (Et3N) were sparged with argon and dried

by passing through alumina columns using argon in a Glass Contour solvent purification
system. Dichloromethane (CH2Cl2) was freshly distilled over calcium hydride under a N2

atmosphere prior to each use. DMF was purchased in Aldrich Sure/Seal™ bottles. N-Boc-
piperidine (1a.a) was obtained from Aldrich and used as received. Reagents were purchased
from commercial vendors as follows: Riboflavin (RTA, 98%) was purchased from Alfa Ae-
sar. Silver nitrate (AgNO3, ≥99%) was purchased from Sigma-Aldrich. Ammonium per-
sulfate ((NH4)2S2O8, ACS Reagent) was purchased from J. T. Baker Chemicals, potassium
persulfate (K2S2O8, ACS Reagent) was purchased from Fisher Scientific, and sodium persul-
fate (Na2S2O8, 98+%) was purchased from Acros Organics. Acetonitrile (HPLC), acetone
(HPLC) and water (HPLC) were purchased from Fisher Scientific.
Experimental Procedures

Unless otherwise noted in the experimental procedures, reactions were carried out in flame
or oven-dried glassware under a positive pressure of N2 in anhydrous solvents using stan-
dard Schlenk techniques. Reaction temperatures above room temperature (22–23 ◦C) were
controlled by an IKA® temperature modulator and monitored using glass thermometers.
Reaction progress was monitored using a combination of LC/MS analysis (using a Shimadzu
LCMS-2020 (UFLC) equipped with the LC-20AD solvent delivery system, a SPD-20AV
prominence UV/Vis detector (SPD-M20A Photo Diode Array), and a Thermo Scientific
Hypersil GOLD HPLC column (5 µm particle size, 4.6 × 50 mm)), and thin-layer chro-
matography (TLC) on Macherey-Nagel (MN) silica gel plates (glass backed, 60 Å, 0.25 mm
thickness, UV254 manganese-activated zinc silicate fluorescence indicator). Visualization of
the developed plates was performed under UV-light (254 nm) irradiation, and then gently
heated with p-anisaldehyde or cerium ammonium molybdate (CAM) stain. Flash column
chromatography was performed with either glass columns using Silicycle silica gel (40–63
µm particle size) or using a Yamazen Smart Flash EPCLC W-Prep 2XY (dual channel) au-
tomated flash chromatography system on prefilled, premium, universal columns using ACS
grade solvents. Preparative thin layer chromatography was performed on SiliCycle Siliaplates
(glass backed, extra hard layer, 60 Å, 250 µm thickness, F254 indicator).
Analytical Instrumentation

1H NMR and 13C NMR data were recorded on Bruker AVQ-400, AVB-400, AV-600, and
AV-700 spectrometers using CDCl3 as solvent, typically at 20–23 ◦C. Chemical shifts (δ)
are reported in ppm relative to the residual solvent signal (δ 7.26 for 1H NMR, δ 77.16 for
13C NMR in CDCl3).

19F NMR spectra were acquired on an AVQ-400 spectrometer and
internally referenced to CFCl3 (δ 0.00). Data for 1H and 13C spectroscopy are reported as
follows; chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, quint = quintet, hept = heptet, m = multiplet, br = broad), coupling constant
(Hz), integration. High-resolution mass spectra (HRMS) were analyzed as MeOH solutions
(30–50 µM) using a Finnigan LTQ FT mass spectrometer (Thermo). Solutions were injected
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 Excited State   4:    6.1654 eV  201.10 nm  f=0.0105

      60 -> 68         0.11249

      64 -> 68         0.65696

#67 -0.27144 HOMO

#66 -0.27739 HOMO-1 #65 -0.27990 HOMO-2 #64 -0.29504 HOMO-3

#68 -0.01945 LUMO
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(-94.0/-68.1)

(T)

0.0/0.0

O1

O2

O3

O4

O5

O6

1.910

1.943

H1

H2

C2

H2-O3 = 1.001

H2-O1 = 1.658

1.661

1.469

-57.7/-56.0

1.950
1.949

H1

H2

1.212

1.425

O6

O3

O5
Na

O4

C2

O2O1

Na

(T) (S)3.5/4.1

[L–OSO3Na]–[NaHSO4–CuBF4]
TS(H-transf.)

  (S–T)
crossing

O6

O3

O5

Na

O8

1.936

H2

C2

H2-O3 = 1.000

H2-O1 = 1.657

O1

O2

Ow

Na

H1

H3
H4

H4-O2 = 1.007

H4-Ow = 1.615

1.989

O7

-68.4/-55.7(S)

O6

O3

O5

Na

O8

1.923

H2

C2

H2-O3 = 0.999

H2-O1 = 1.663

O1

O2

O7

Ow

Na

N

H1

H3

H4

H3-O7 = 1.023

H3-Ow = 1.541

1.977

O2—H4      N

Ow—H3      O7

ISOMERIZATION

+ H2O

[(LOH)–CuBF4)–[NaHSO4]2
[(LNHCO)–CuBF4]–[NaHSO4]2

(S) -69.3/-58.1(-163.3/-126.2)

(LNHCO)

[(NaHSO4)2–CuBF4]

+

q(L–S2O4)=+0.01

q(Cu)=+0.27

S2

S1

S2

S1

q(S1O4)= –0.95

q(S2O4)= –0.58
[(LH)–(NaSO4)]–
[NaSO4–Cu(II)BF4]
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Photocatalyst: 2a 

Photocatalyst: S2 

Photocatalyst: S3 

Photocatalyst: S4 

Photocatalyst: S5 

Photocatalyst: S6 
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Photocatalyst: S7 

Photocatalyst: S8 

Photocatalyst: S9 

Photocatalyst: S10 

Photocatalyst: S11 

Photocatalyst: S12 
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Photocatalyst: 2a, 120 min 

Photocatalyst: S9, 120 min 

Photocatalyst: 2a, 220 min 
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Photocatalyst: 2a, 1 mol% 

Photocatalyst: 2a, 2.5 mol% 

Photocatalyst: 2a, (NH4)2S2O8 (3 equiv) 

Photocatalyst: 2a, Na2S2O8 (3 equiv) 

Photocatalyst: 2a, Oxone (3 equiv) 
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Photocatalyst: 2a, DCE/H2O (1:1)  

Photocatalyst: 2a, Acetone/H2O (1:1)  

Photocatalyst: 2a, H2O2 (30%) (3 equiv) 

Photocatalyst: 2a, TBHP (3 equiv) 
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Without photocatalyst 2a 

Photocatalyst: 2a, no sparging, open to air  

Photocatalyst: S1  

No oxidant 

No light source 
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Photocatalyst: 2a, 450 nm  

N-Boc piperidine  

N-Bz piperidine 
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Chapter 2

Cyclic Amines as Latent Alkyl
Radicals for Molecular Remodeling

∗

2.1 Introduction

The development of new drugs often relies on testing derivatives of a lead compound. There-
fore, the ability to effectively generate structural analogs of a lead compound is central to
drug discovery.1–3 These analogs are typically made by synthesizing each compound through
its own unique reaction sequence. However, a much more efficient synthetic strategy would
be possible if a single drug candidate could be elaborated to many desired analogs through
selective structural remodeling.4 In this way, only a single synthetic route is required to create
a potential drug candidate which can be used as a common intermediate for the generation
of several more. Since saturated cyclic aliphatic amines are prevalent in F.D.A.-approved
drugs,5,6 our laboratory has initiated a program aimed at selective structural modification
of cyclic amines that would enable the rapid generation of analogs for drug development.7–9

Our laboratory has previously demonstrated ring opening and halogenation of cyclic
amines to form linear alkyl halides (Figure 2.1, previous work).8 This process involved se-
quential C–N and C–C bond cleavage resulting in an alkyl radical that could be halogenated.
The alkyl halide served as a functional handle for further structural diversification, includ-
ing carbon–carbon bond formation. While the overall transformation achieves the desired
structural reconfiguration, we wondered whether the alkyl radical intermediate could be uti-
lized directly for bond formation (Figure 2.1, this work). To this end, we envisioned that
the radical could be engaged by a radical acceptor or transition metal that would promote
value-added bond formation.

Herein, we present the utilization of an alkyl radical arising from the deconstructive func-
tionalization of cyclic amines for skeletal remodeling and heterocycle replacement. Specif-
ically, we have developed a deconstructive Minisci reaction, enabling direct carbon–carbon

∗Part of this chapter is adapted from previously published work: J. Am. Chem. Soc. 2023, 145,
11245–11257.
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Figure 2.1: Formation of primary alkyl radical through deconstructive functionalization of
cyclic amines. Previous work: Formation of alkyl halides as versatile intermediates for
structural diversification. This work: Direct use of the alkyl radical for skeletal remodeling.

bond formation following the deconstructive ring opening of cyclic amines, as well as the
transformation of cyclic amines into oxazines, constituting a replacement of theN -heterocycle.
These forms of structural diversification, ring opening and heterocycle replacement,10,11 are
important for structural analog studies because they alter the conformational freedom of a
given molecule and add or remove hydrogen bond acceptors and donors, two properties that
affect the biological activity of potential drug candidates.12 Therefore, the described trans-
formations encompass desirable transformations that may provide direct access to structural
analogs.

2.2 Results and Discussion

Ring-Opening Minisci Reaction

We envisioned a structural reconfiguration of cyclic amines by combining our deconstruc-
tive process with a coupling reaction in a one-pot sequence. To this end, we turned toward
Csp3–Csp2 bond formation using a radical decarboxylation process and addition of the re-
sulting alkyl radical to a heterocycle acceptor. We have previously demonstrated access to a
proposed primary alkyl radical through a series of oxidations with a Ag(I) salt and persulfate
oxidant (Scheme 2.1).8 Therefore, we hypothesized that this radical might engage a coupling
partner in carbon-carbon bond forming processes. This type of Csp3–Csp2 bond formation
has recently been demonstrated in radical additions to quinones through a silver-mediated
deconstructive process.13 Since the conditions for the deconstructive process that lead to an
alkyl radical are somewhat acidic (as a result of the formation of hydrogen sulfate ions and
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Scheme 2.1: Proposed mechanism for the formation of a primary alkyl radical from cyclic
amines through a Ag(I)/persulfate oxidation sequence.

carbonic acid over the course of the reaction sequence), we hypothesized that these condi-
tions would be amenable to Minisci-type reactions,14 which proceed more favorably upon
protonation of a heteroarene acceptor.

Following optimization of the reaction conditions, treatment of Piv-protected piperidine
1a with the Ag(I)/persulfate conditions and 4-trifluoromethylpyridine under acidic condi-
tions (trifluoroacetic acid) afforded the corresponding amino-alkyl substituted pyridine in
50% yield (Figure 2.2). Pyridines bearing electron donating/withdrawing substituents were
also competent in this coupling reaction, forming the desired products (9a–9c) in moderate
yet useful yields (50–67%). We next subjected cyclic amines of various ring sizes (9d–9f) to
the same conditions, again providing the alkylation products in moderate yield (39–62%).
A 2-methyl substituted piperidine derivative also underwent the expected ring opening se-
lectively away from the substituted side of the ring (9g), selectivity that was also observed
with our mild ring-opening oxidation conditions (see Chapter 1) and previous studies.7,8,13

Autocyclization Using Cu(II) Oxidation

We also investigated the interception of the proposed alkyl radical intermediate with other
transition metals. Particularly, since De La Mare, Kochi, and coworkers15,16 previously re-
ported the formation of alkenes from alkyl radicals through an oxidation by Cu(II) followed
by an elimination, we wondered whether we could gain access to terminal olefins from the
primary radical generated by the deconstructive process (Scheme 2.1). However, upon the
addition of a Cu(II) source to the Ag(I)/persulfate reagents for the deconstructive function-
alization of Piv-protected pyrrolidine, we did not detect any of the expected alkene product.
Instead, we observed the formation of an oxazine in 85% yield (Figure 2.3). This heterocy-
cle may arise from oxidation of the alkyl radical by Cu(II) and intramolecular nucleophilic
trapping by the amide carbonyl oxygen instead of elimination to generate an olefin. The
structure of 10m was unambiguously confirmed by X-ray crystallography. The formation
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Figure 2.2: Deconstructive Minisci reaction scope. Only isolated yields are shown. See
Section 2.4 for full details.

of these oxazine heterocycles has previously been reported from the autocyclization of γ-
bromo alkyl amides.17 We extended the transformation to the ring opening and subsequent
cyclization of N-Bz-pyrrolidine (1v) to provide phenyl-substituted oxazine 10v in 40% yield.
The transformation of pyrrolidines to oxazines represents an effective strategy to access new
chemical space in medicinal chemistry.

Since the formation of the oxazines did not align with our initial hypothesis, we em-
barked upon an examination of the mechanism for their formation using DFT calculations,
as summarized in Figure 2.4.† We have previously investigated a mechanism for the genera-
tion of an alkyl radical from a cyclic amine using Ag(I) and persulfate.8,18 Here, we propose
that the alkyl radical is similarly formed prior to interacting with Cu(II) to form complex
11, although the exact details continue to be investigated. While the combination of a
carbon-centered radical with Cu(II) is often depicted as a Cu(III) intermediate,19,20 we rec-
ognize that these types of copper complexes may have an electronic structure that reflects
a Cu(I) center, in which a formal reduction of Cu(II) occurs.21 Our calculations suggest
that deprotonation to form the alkene has an associated barrier of 9.7 kcal/mol, while the
competing intramolecular cyclization is essentially barrierless. Even though 11 is hydrated
and the concentration of H2O is 500 times higher than the copper complex, calculations

†Calculations were performed by Bohyun Park and Mu-Hyun Baik at the Korea Advanced Institute of
Science and Technology (KAIST) Department of Chemistry, Daejeon 34141 Korea.
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Figure 2.3: Autocyclization of cyclic amines. Isolated yields are shown unless otherwise
noted. See Section 2.4 for full experimental details and crystallographic data.

Figure 2.4: Free energy profile for oxazine formation by Cu(II) oxidation. See Section 2.4
for full computational details.
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[Cu] recovered 1m [%] 3m yield [%] 4m yield [%] 10m yield [%]
CuCl2 33 3 5 —
CuBr2 69 3 3 —

Cu(OAc)2·H2O 16 9 15 3
CuSO4·5H2O — — 13 12

Cu(MeCN)4BF4 — — 46 6

Table 2.1: Product distribution for the autocyclization reaction with various copper salts.
Conversion and yields were determined by 1H NMR integration using Ph3CH as an internal
standard.

suggest that the intrinsic reaction rate of cyclization should be about 5 × 106 times faster
than deprotonation (see Section 2.4 for details). Therefore, the cyclization should be the
dominant pathway. Indeed, a screen of various copper salts, which would otherwise lead to
products such as olefination and halogenation of primary alkyl radicals,16 revealed that only
the linear aldehyde 3m, carboxylic acid 4m, and cyclization product 10m could be obtained
(see Table 2.1). The rapid cyclization can also be rationalized on the basis of the frontier
molecular orbitals of 11. While the orbitals of 11 are all interacting, there is a prominent
interaction between the HOMO and LUMO orbitals that informs the observed cyclization to
oxazine 10m. As shown in Figure 2.4, the shape of the nucleophilic HOMO on the amidyl
oxygen and the low energy LUMO on the primary alkyl in 11 are reasonably well matched
for the favorable intramolecular HOMO–LUMO interaction.22

2.3 Conclusion

We have developed a ring-opening C–C bond formation process that takes advantage of
a decarboxylative Csp3–Csp2 Minisci coupling reaction. While our laboratory previously
reported the formation of alkyl halides through a similar transformation that could serve as
precursors for C–C bond formation,8 the Minisci process reported here provides direct access
to value-added C–C coupled products. A second study aimed at a one-pot, multi-metallic,
decarboxylative transformation led to the formation of oxazines. Additional investigations
to expand the scope of oxazine formation from cyclic amines are ongoing in our lab.

In the studies presented here, persulfate emerged as a versatile oxidant that could be
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tuned by pairing with various oxidation mediators to selectively oxidize various substrates.
The multiple means by which the peroxy bond can be homolyzed, in combination with the
oxidation potential and H-atom abstraction ability of the sulfate radical anion, allow for
many different oxidative processes. The versatility of cyclic amines as substrates for late-
stage diversification as reported here rests on their ability to serve as latent alkyl radicals.
These studies, as well as previous reports from our laboratories and others, demonstrate
high potential for skeletal modification of cyclic amines by the generation of an alkyl rad-
ical through oxidative ring opening. Other pathways for structural diversification of cyclic
aliphatic amines are currently under investigation in our lab.
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2.4 Experimental Section

Solvents and Reagents
Tetrahydrofuran (THF) and triethylamine (Et3N) were sparged with argon and dried

by passing through alumina columns using argon in a Glass Contour solvent purification
system. Dichloromethane (CH2Cl2) was freshly distilled over calcium hydride under a N2

atmosphere prior to each use. DMF was purchased in Aldrich Sure/Seal™ bottles. N-Boc-
piperidine (1a.a) was obtained from Aldrich and used as received. Reagents were purchased
from commercial vendors as follows: Riboflavin (RTA, 98%) was purchased from Alfa Ae-
sar. Silver nitrate (AgNO3, ≥99%) was purchased from Sigma-Aldrich. Ammonium per-
sulfate ((NH4)2S2O8, ACS Reagent) was purchased from J. T. Baker Chemicals, potassium
persulfate (K2S2O8, ACS Reagent) was purchased from Fisher Scientific, and sodium persul-
fate (Na2S2O8, 98+%) was purchased from Acros Organics. Acetonitrile (HPLC), acetone
(HPLC) and water (HPLC) were purchased from Fisher Scientific.
Experimental Procedures

Unless otherwise noted in the experimental procedures, reactions were carried out in flame
or oven-dried glassware under a positive pressure of N2 in anhydrous solvents using stan-
dard Schlenk techniques. Reaction temperatures above room temperature (22–23 ◦C) were
controlled by an IKA® temperature modulator and monitored using glass thermometers.
Reaction progress was monitored using a combination of LC/MS analysis (using a Shimadzu
LCMS-2020 (UFLC) equipped with the LC-20AD solvent delivery system, a SPD-20AV
prominence UV/Vis detector (SPD-M20A Photo Diode Array), and a Thermo Scientific
Hypersil GOLD HPLC column (5 µm particle size, 4.6 × 50 mm)), and thin-layer chro-
matography (TLC) on Macherey-Nagel (MN) silica gel plates (glass backed, 60 Å, 0.25 mm
thickness, UV254 manganese-activated zinc silicate fluorescence indicator). Visualization of
the developed plates was performed under UV-light (254 nm) irradiation, and then gently
heated with p-anisaldehyde or cerium ammonium molybdate (CAM) stain. Flash column
chromatography was performed with either glass columns using Silicycle silica gel (40–63
µm particle size) or using a Yamazen Smart Flash EPCLC W-Prep 2XY (dual channel) au-
tomated flash chromatography system on prefilled, premium, universal columns using ACS
grade solvents. Preparative thin layer chromatography was performed on SiliCycle Siliaplates
(glass backed, extra hard layer, 60 Å, 250 µm thickness, F254 indicator).
Analytical Instrumentation

1H NMR and 13C NMR data were recorded on Bruker AVQ-400, AVB-400, AV-600, and
AV-700 spectrometers using CDCl3 as solvent, typically at 20–23 ◦C. Chemical shifts (δ)
are reported in ppm relative to the residual solvent signal (δ 7.26 for 1H NMR, δ 77.16 for
13C NMR in CDCl3).

19F NMR spectra were acquired on an AVQ-400 spectrometer and
internally referenced to CFCl3 (δ 0.00). Data for 1H and 13C spectroscopy are reported as
follows; chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, quint = quintet, hept = heptet, m = multiplet, br = broad), coupling constant
(Hz), integration. High-resolution mass spectra (HRMS) were analyzed as MeOH solutions
(30–50 µM) using a Finnigan LTQ FT mass spectrometer (Thermo). Solutions were injected
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