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Abstract

The bis(pyridine)silver (I) permanganate promoted hydroxylation of diketopiperazines has served
as a pivotal transformation in the synthesis of complex epipolythiodiketopiperazine alkaloids. This
late-stage C—H oxidation chemistry is strategically critical to access N-acyl iminium ion
intermediates necessary for nucleophilic thiolation of advanced diketopiperazines en route to
potent epipolythiodiketopiperazine anticancer compounds. In this study, we develop an
informative mathematical model using hydantoin derivatives as a training set of substrates by
relating the relative rates of oxidation to various calculated molecular descriptors. The model
prioritizes Hammett values and percent buried volume as key contributing factors in the hydantoin
series while correctly predicting the experimentally observed oxidation sites in various complex
diketopiperazine case studies. Thus, a method is presented by which to use simplified training
molecules and resulting correlations to explain and predict reaction behavior for more complex
substrates.

INTRODUCTION

Epipolythiodiketopiperazine (ETP) alkaloids are a diverse and structurally complex class of
natural products.}2 As illustrated in Figure 1, the diketopiperazine substructure of these
alkaloids is commonly adorned with a polysulfane motif that is known to be essential to
their biological activity, including the potent anticancer activity of both natural and
designed ETP derivatives.*® The combination of their fascinating molecular architecture and
biological activity has prompted significant interest in chemical synthesis of ETPs.5:7 One of
our laboratories has developed a general strategy for conversion of complex
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diketopiperazines to the corresponding epipolythiodiketopiperazines in the context of several
synthetic campaigns.246 A critical step in our approach to stereo-, regio-, and congener-
specific sulfidation of complex diketopiperazines is the C—H hydroxylation of the
diketopiperazine heterocycle. In particular, our discovery of the bis(pyridine)silver (1)
permanganate® promoted oxidation of diketopiperazines has enabled the chemical synthesis
of various epipolythiodiketopiperazines.*® We have found the corresponding tetra-/+butyl
ammonium permanganate® to be a milder oxidant, as illustrated in our synthesis of (+)-
gliocladins B and C.5¢ While mechanistic details'? of the permanganate promoted C—H
oxidation reaction in complex settings are of ongoing interest, we are likewise intent to
experimentally identify substrate structural parameters that greatly impact the success of this
late-stage hydroxylation reaction. One of our laboratories has developed an effective
methodology for parameterization of complex chemical transformations to glean key
insights that inform further development and application of the chemistry, as demonstrated
in several case studies including fluorination, gold catalyzed cyclization, and rhodium-
catalyzed C-H functionalization.1! Herein, we describe the development of an informative
model using a library of simple hydantoins as a training substrate-set by relating the relative
rates of oxidation to various calculated molecular descriptors. The resulting model highlights
the impact of the Hammett parameter and percent buried volume on the oxidation outcome,
and when applied to analysis of new case studies, the model can reliably predict and explain
the experimentally observed oxidation of complex diketopiperazine substrates.

RESULTS AND DISCUSSION

The sensitivity of the epipolythiodiketopiperazines’ polysulfane bridge to various reducing
or oxidizing reaction conditions, and their propensity toward elimination and degradation
requires precise timing for their introduction into complex molecular frameworks. These
considerations are compounded in the context of dimeric epipolythiodiketopiperazines that
require the introduction of challenging quaternary stereogenic centers.? Informed by prior
biosynthetic studies of sirodesmin by Howlett, 122 and the cysteine feeding experiments by
Kirby,120 and given the presence of various polysulfane congeners in distinct families of
natural ETPs, we posited?262 that the introduction of the carbon—sulfur bonds in the
biosynthesis of these alkaloids may involve a C—H hydroxylation followed by nucleophilic
glutathione thiolation of Atacyl iminium ion intermediates (Scheme 1).2:62-b

Importantly, this biogenetically inspired approach to the chemical synthesis of
epipolythiodiketopiperazines led to the development of our permanganate promoted
hydroxylation of diketopiperazines and laid the foundation for the synthesis of a number of
natural and designed complex epipolythiodiketopiperazines.22 Additionally, consistent with
this hypothesis, C—H hydroxylation of a phenylalanine-serine diketopiperazine followed by
nucleophilic addition of glutathione has recently been experimentally observed in the
biosynthesis of (-)-gliotoxin (5, Figure 1).13 While our late-stage permanganate promoted
C-H hydroxylation of complex diketopiperazines has enabled strategic access to the
corresponding N-acyl iminium ions as a prelude to our epipolythiodiketopiperazine
syntheses,22 we have sought to better understand the critical substrate characteristics that
govern the reaction outcome.
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Application of this permanganate oxidation to complex diketopiperazines has proven
successful in a variety of total synthetic efforts.® As illustrated in Scheme 2A, the
bis(pyridine)silver (1) permanganate promoted oxidation of dimeric diketopiperazine (+)-10a
(4.80 equiv) led to the formation of the corresponding tetrahydroxylated dimer (+)-11a, with
hydroxylation at C11 and C15, en route to the synthesis of (+)-12,12"-dideoxyverticillin A
(1).52 Similarly, hydroxylation of dimeric diketopiperazine (+)-10b afforded the
corresponding tetrahydroxylated dimer (+)-11b (Scheme 2A. 8.00 equiv). Notably, the
desired hydroxylation proceeds even at the more electron-deficient C15-center next to the
acetoxy group to give tetraol (+)-11b.14 However, oxidation of the C11-epimer of dimeric
diketopiperazine (+)-10a (not shown) under identical conditions only afforded a diol product
where C—H oxidation is limited to the C15-positions without oxidation at the C11-
positions,®@ highlighting the impact of the diketopiperazine stereochemistry on the reaction
outcome.®2 The hydroxylation of diketopiperazine (+)-12 using the tetra-/+butyl ammonium
permanganate reagent provided diol (-)-13, which served as a key intermediate en route to
(+)-gliocladins B and C (Scheme 2B, 3.79 equiv).5¢ Notably, bis(pyridine)silver (I)
permanganate promoted hydroxylation of diketopiperazine (-)-14 resulted in the
triketopiperazine alcohol (-)-15 en route to (+)-bionectin A (4, Scheme 2C, 8.00 equiv).5
While we have reasoned that the C11-stereochemistry of alcohol (-)-15 is a consequence of
the C12 substituent, the double oxidation at C15 was surprising given the
monohydroxylation of the structurally related diketopiperazine of (+)-12. Interestingly,
bis(pyridine)silver (1) permanganate promoted hydroxylation of diketopiperazine (+)-16, a
substrate with the same diketopiperazine stereochemistry as substrates (+)-10a—-10b, led to
alcohol (+)-17 (Scheme 2D, 3.00 equiv), along with recovery of 41% of the substrate (+)-16,
without oxidation at C15-position, illustrating the strong impact of the A-formyl group.
Furthermore, hydroxylation of diketopiperazine (+)-18 gave the triketopiperazine (+)-19
(Scheme 2E, 3.00 equiv) with double oxidation at the methylene, consistent with our
observations in the oxidation of diketopiperazine (-)-14, without C—H oxidation adjacent to
the acetylated diketopiperazine nitrogen, consistent with the lack of oxidation at C15 with
diketopiperazine (+)-16. Given the nuanced reaction outcomes in the representative cases
illustrated in Scheme 2, we envisioned a substrate based parameterization of our
permanganate promoted diketopiperazine hydroxylation reaction could provide a detailed
analysis of these reactivity trends and form the basis for more informed future applications
of the chemistry.

While we have gathered a wide range of experimental observations related to this
hydroxylation chemistry (Scheme 2), the multiple oxidation outcomes in these complex
examples make it difficult to separate individual factors that impact the reaction outcome. To
avoid the complexity of studying multiple and non-independent oxidation events in these
substrates, we proposed that analysis of a versatile model substrate class could offer
informative insight into substrate structural parameters that influence this reaction. We
identified hydantoins (Scheme 3) as a versatile class of substrates for our planned
investigation as these substrates would allow simplification of the oxidation analysis to a
single event, and provide excellent substrate variability needed for model development.
Notably, these substrates offer control over both the steric and electronic environment of the
single activated C—H bond that would be subject to hydroxylation. An array of hydantoins
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21 was assembled on multi-gram scale from readily available amino acid derivatives 20 and
phenyl isocyanate.1®> Hydantoins 21 along with the corresponding A-substituted hydantoins
22 provided a diverse training set of substrates for our study.

We focused on the use of bis(pyridine)silver(l) permanganate as the oxidant for hydantoin
hydroxylation (Table 1) under typical conditions employed in the case studies illustrated in
Scheme 2. The bis(pyridine)silver(l) permanganate oxidant was selected over the tetra-7-
butylammonium permanganate reagent for this study due to the former oxidant’s broader
utility in hydroxylation of complex diketopiperazines.22 Importantly, a standard set of
hydroxylation reaction conditions were used for all hydantoins in this study, unless noted
otherwise, in order to quantify the relative success of each individual case.1® We began our
investigation with the oxidation of the simple alanine derived hydantoin 23a, which
underwent permanganate promoted oxidation to provide alcohol 23b (Table 1, entry 1). As
we increased the size of the N1-substituents to methyl and phenyl (24a and 25a,
respectively), we observed a decrease in the reaction rate and the isolated yield of the
corresponding alcohols 24b—25b (Table 1, entries 2-3). Increasing the size of the amino acid
side chain, as in the valine derived hydantoin 26a (Table 1, entry 4), decreased the reaction
rate relative to hydantoin 23a, but oxidation proceeded completely to alcohol 26b in a good
yield under the standard conditions. Increasing the size of the N1 substituent in the presence
of the isopropyl group at C5 caused a significant reduction in the reaction rate and yield
(Table 1, entries 5-6). Hydroxylation of A~methylated hydantoin 27a afforded only 41%
yield of alcohol 27b with a significant amount of starting material remaining, while the A~
phenyl hydantoin 28a proved highly recalcitrant toward permanganate oxidation providing
13% yield of alcohol 28b and returning 71% of substrate 28a.

We next sought to vary the C5-H bond environment. Use of phenyl glycine to form
hydantoin 29a provided a substrate that has the benefit of a weakened C—H bond due to the
adjacent r system. In spite of increased steric encumbrance, oxidation of hydantoin 29a
(Table 1, entry 7) to alcohol 29b proceeded efficiently to give the product in 72% yield.
Substitution of the N1 position of the phenyl glycine derived hydantoins did not significantly
decrease the rate and efficiency of the hydroxylation reaction. Both hydantoins 30a and 31a
were oxidized completely under standard conditions, providing products 30b and 31b,
respectively (Table 1, entries 8-9). The complete oxidation of the phenyl glycine derived
hydantoins is consistent with a weakened C—H bond due to optimal alignment of the 1t
system of the phenyl group with the C—H orbitals.

The oxidation rate of bicyclic proline hydantoin 32a was surprisingly slow and alcohol 32b
was isolated in 16% yield (Table 1, entry 10). The 5,5-bicycle likely forces the C—H bond
slightly out of the optimal orientation with respect to the carbonyl leading to an increased
bond strength and slower oxidation. Further increase of the size of the C5 residue to a fert
butyl group as in hydantoin 33a (Table 1, entry 11), significantly slowed the oxidation to
alcohol 33b, even with no substitution at N1. Similar trends were observed for both the
leucine derived hydantoins 34a—35a and the cyclohexyl glycine derived hydantoins 36a—38a
(Table 1, entry 12-16).
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We also prepared hydantoins with varied N1 steric hindrance using hydantoins 23a as
starting material. We prepared NL1-/iso-butyl hydantoin 39a. Hydroxylation of hydantoin 39a
proceeded efficiently to alcohol 39b (Table 1, entry 17), demonstrating that steric hindrance
at N1, slightly removed from the site of reactivity, has a measurable but reduced impact on
the yield of the product. In an effort towards further electronic variation at N1, introduction
of a 2,2,2-trifluoroethyl group at N1 gave hydantoins 40a. Hydroxylation of hydantoin 40a
proceeded to give alcohol 40b in 33% yield along with returning 35% of starting hydantoin
40a (Table 1, entry 18). Hydroxylation of ML-benzyl hydantoin 41a provided an internal
competition between the C5-H and the benzylic CHs. Interestingly, the only isolable
oxidation product for hydantoin 41a was alcohol 41b (Table 1, entries 19), albeit in
diminished yields compared to the standard substrate 23a, and no benzylic oxidation
products were obtained. To probe the interaction between C5 and N1 substituents, we
prepared the corresponding valine derived hydantoins 42a and 43a. Hydroxylation of
hydantoin 42a exhibited an even greater decrease in reaction rate, compared to hydantoin
40a, providing only 9% of the corresponding alcohol 42b with 71% recovered hydantoin
(Table 1, entry 20). Similarly, hydantoin 43a showed greatly diminished reactivity, as
compared to hydantoin 41a, providing alcohol 43b in a 7% yield with 70% of the starting
hydantoin 43a recovered (Table 1 entry 21). Consistent with the reaction outcome of
diketopiperazines (+)-16 and (+)-18 (Scheme 2D&E), exposure of acylated hydantoin 44a to
the same reaction conditions resulted in no oxidation (Table 1, entry 22).

While the mechanism of permanganate oxidation of toluene to benzoic acid has been studied
computationally,1? supporting a C—H abstraction-rebound pathway, there is need for
additional informative experimental data to assist with a detailed analysis of this reaction in
complex settings. We initiated our studies by preparing the C5-D hydantoin 24a-d; and
comparing the rate of oxidation to that of hydantoin 24a (Scheme 4A). Both competition
reactions and independent initial rate measurements confirmed that the rate determining step
in the reaction involves C-H bond cleavage. However, the disparity between the internal and
external KIE values, although previously described,1” may be a consequence of the amount
of oxidant used (super-stoichiometric for external and sub-stoichiometric for internal),
choice of solvent, and the level of solubility of the oxidant.

Throughout our synthetic studies, the permanganate mediated diketopiperazine
dihydroxylation has been highly diastereoselective, often yielding a single diastereomer. In
fact, the data are consistent with a stereospecific hydroxylation except in cases that prevent
this outcome due to severe steric blocking leading to a competing reaction manifold or a
post-oxidation ionization step.5d This observation has been both synthetically useful and
mechanistically insightful, allowing us to support the hypothesis that the oxygen rebound to
the transiently generated radical center is rapid enough to prevent inversion of the radical.52
The hydroxylation of enantiomerically enriched hydantoin 33a provided further support for
a stereospecific and stereoretentive hydroxylation under typical conditions (2.0 equiv
oxidant, 1 h).16 While the oxidation proceeded further in acetonitrile as compared to
dichloromethane as solvent, in both solvents the product 33b was isolated without loss of
enantiomeric enrichment (Scheme 4B).
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We also carried out the hydroxylation reaction with a set of hydantoins that informed a
relative rate analysis as a function of the A-aryl substituent wherein a more electron poor
substrate was modestly faster (Scheme 4C). While C-H abstraction is the rate determining
step based on KIE experiments, this trend is consistent with the electron withdrawing
substituent slightly better facilitating the formation of the short lived radical intermediate,
likely due to enhancement of the C4-carbonyl for a captodative stabilization of the radical.

We next focused on how the oxidation rate of a series of hydantoins could be used to
approximate selectivity of more complex diketopiperazine oxidations. To accomplish this,
competitive rate measurements were performed between a training set of hydantoins with
differing R and R? groups (Scheme 3) and hydantoin 23a (Table 1, Entry 1) with the goal of
identifying the factors that contribute to the reaction success. A relative rate constant, A,
was obtained for each substrate, and this was converted to a transition state energy difference
of AAG¥ using the equation AAG* = —RTIn(ke).16 Several molecular descriptors, which
have the potential to correlate with AAG*, were then calculated from structures of the
substrates computationally optimized using the M06-2X functional and Def2TZVP basis set.
These parameters include sterimol values of the R! and R? substituents, IR vibrations and
intensities, 18 13C and 1H NMR shifts, effective charges,1® Hammett2? and Taft?! parameters,
various molecular angles, and several percent buried volume (%Vy,;) measurements, a
parameter traditionally used in organometallic chemistry,22 with spherical radii varying
between 1.75 and 3.50 A (Figure 2). After parameter collection, an optimized correlation
between these parameters and AAG* was achieved using linear regression fitting to
quantitatively analyze the substituent effects on the oxidation rate.18: 19

Previous studies from one of our groups?® and others?4 have identified numerous multi-
dimensional correlations between molecular parameters and reaction outcomes. The
computationally derived parameters in this study only revealed relatively complex models to
describe the rate measurement, the simplest of which involved four unique terms. These
parameters include the Hammett parameter oy, of the carbon substituent (op(cs)), the NBO
charge of the nitrogen adjacent to the hydrogen to be abstracted (NBOy;), the calculated 13C
NMR shift of the carbon which is oxidized (8¢s), and the %V, at a spherical radius of 2.0
A of the abstracted hydrogen (Figure 2). An internal validation employing a leave-one-out
analysis (Q2=0.71) suggests a relatively robust model. Considering the apparent complexity
of the model likely resulting from the structural variance included in the training set, we
selected to deconstruct the terms to facilitate understanding as to how selectivity is imparted
by the oxidant.

Isolating the model’s parameters revealed notable trends among varying subsets of
hydantoins. Variations in the N1 substituent are described by opcs) and the N1 NBO charge.
In considering op(cs), it is clear that hydantoins with the same C5 substituent cluster
together. However, N1-phenyl substituents are unique with a much higher op(cs) in each set
(Figure 3), corresponding with a moderately low relative rate for these substrates. Because
o) describes resonance and electronic effects, it is reasonable that phenyl would have a
greater impact on the models than the remainder of the aliphatic substituents. When N1
substituents were compared, the N1-H substituted hydantoins were found to have a much
lower N1 NBO charge than the remainder of the hydantoins, accompanied by their high rate
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of oxidation (Figure 4A). Generation of a model excluding the N1-H subset resulted in a
reasonable model similar to that in Figure 2, with an RZ of 0.75 and a Q2 of 0.56 with the
exclusion of the N1 NBO charge.16 Thus, this parameter mainly functions to normalize the
N1-H subset.

While op(cs) and the N1 NBO charge shed light on effects of the N1 substituent, variations
in C5 are described by examining the isotropic 13C NMR shift of C5. Holding the N1-
substituent constant, several trends were apparent. For the N1-H and N1-Me subsets, as
well as a subset describing a variety of other R groups, the energy barrier increases as a
function of the 13C NMR chemical shift (Figure 4B and 4C). Greater electron density thus
appears to stabilize radical formation, in agreement with the KIE studies that suggest rate
limiting hydrogen atom abstraction. This trend is not observed in the set of hydantoins with
N1-phenyl substitution (Figure 4D). In the case of these substrates, no clear trend is present.
This suggests that the contributions of the N1-phenyl substituent have a larger impact on the
nature of C5 than any substitution at C5. The %V, measurement did not yield clear
patterns when compared to relative rates for hydantoin subsets with various N1 and C5
substituents. This likely occurs because this parameter accounts for integrated steric effects
of both substituents.

Using the model developed above (Figure 2) and the mechanistic insight regarding
influential substrate parameters governing the outcome of this hydroxylation reaction, we
sought to evaluate the effectiveness of this model in the analysis of complex
diketopiperazine substrate case studies illustrated in Scheme 2. We began by correlating the
hydantoin and diketopiperazine structures (Figure 5), and identifying 14 distinct sites of
oxidation (Scheme 2). The C,-symmetric dimeric diketopiperazines were modeled as
simplified C3-zert-butyl variants and the Ca—H bonds of six diketopiperazine substrates were
computationally analyzed, including three positions that do not undergo oxidation, to afford
the same parameters that were extracted in our hydantoin analysis (Figure 5).16

Using the model generated from the hydantoin derivatives, the predicted AAG* was
calculated for each of the diketopiperazine substrates. This required that the parameters for
hydantoin and diketopiperazine reactive sites be normalized together, but the intention of
this analysis was to use the information gained from the hydantoin series to explain
diketopiperazine trends and not to directly compare the diketopiperazine reactivity to the
hydantoin reactivity. It therefore must be emphasized that the calculated AAG* does not
represent an actual energy barrier between the diketopiperazines and substrate 23a, but
rather an abstract, but nevertheless descriptive, numerical output by which the model
generated by the hydantoin derivatives can categorize the diketopiperazine derivatives. These
calculations divided the diketopiperazine reactive sites into two subsets: one with a
calculated energy barrier of >0.15 kcal/mol corresponding to oxidized diketopiperazine sites,
and another with a calculated energy barrier of <0.15 kcal/mol corresponding with
diketopiperazine sites that fail to undergo oxidation. For this analysis, we viewed a
successful diketopiperazine oxidation site as one that provides the corresponding alcohol
product, whereas a diketopiperazine site that does not yield the corresponding alcohol is
viewed as a failed oxidation site. In this significant extrapolation of the simple model
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system, 13 out the 14 sites evaluated are correctly predicted and consistent with observed
experimental data (Figure 6).

As described above, a C3-fert-butyl diketopiperazine was used to represent the dimeric
diketopiperazine (+)-10a (Scheme 2A) and the model developed in this study accurately
predicts the successful oxidation of both C11- and C15-positions to give diol 47b (Figure
6).2% Furthermore, when the corresponding C11-epimeric diketopiperazine was used as
substrate for this analysis the model correctly predicts the mono oxidation at C15-position to
give alcohol 48b consistent with prior experimental data.@ The model also predicted the
formation of dihydroxylated C3-#butyl diketopiperazine 49b, an outcome reminiscent of the
oxidation of diketopiperazine (+)-10b to tetraol (+)-11b (Scheme 2A). Interestingly,
application of the model to the C3-pyrrole diketopiperazine as a surrogate for
diketopiperazine (=)-14 (Scheme 2C) led to the correct prediction of oxidation at both C11-
and C15-positions to afford triketopiperazine 50b (Figure 6), corresponding to
triketopiperazine (-)-15 (Scheme 2C).26 While the model successfully predicts
hydroxylation at C11-position of diketopiperazine (+)-16 (Scheme 2D), it fails to predict the
lack of reactivity at the C15-position and offers diol 51b (Figure 6) as the oxidation product
instead of the alcohol (+)-17 (Scheme 2D). However, application of the model to the
analysis of the simpler diketopiperazine (+)-18 (Scheme 2E) led to the correct prediction for
the formation of triketopiperazine (+)-19 (Figure 6) as the oxidation product in agreement
with our experimental findings. Importantly, the model not only predicts double oxidation at
the methylene of diketopiperazine (+)-18, it also predicts the lack of oxidation at carbon
adjacent to the acetylated nitrogen. Indeed, this model demonstrates high fidelity with our
experimental results and holds great promise for further development and application to
complex substrates as a predictive tool.

While the model correctly predicts the experimental outcome in the majority of cases,
collecting multiple parameters and performing a linear regression analysis can be time-
consuming. Thus, the model’s parameters were also examined individually to determine
whether a single parameter might differentiate between sites that were oxidized and those
that were not oxidized in several complex diketopiperazines. The %Vy,, for a spherical
radius of 2.00 A was found to be higher than 75% for substrates that did not undergo
oxidation, and lower than 75% for those which were oxidized. This single parameter
approximation proved slightly less descriptive than the full model prediction, accurately
predicting 12 of the 14 diketopiperazine potential sites of oxidation. The %V, parameter
incorrectly predicts oxidation at the C15 site to yield 51b (Figure 6), the same site
incorrectly predicted by the model. This parameter also incorrectly predicts that oxidation
will not occur at one C11 position, which is oxidized, thus yielding a triketopiperazine
derivative of 50b with no oxidation at the C11 site. Because %V, is expected to account
jointly for steric effects of both N1 and C5 substituents while the remaining parameters
focus on one of the two substituents, its predictive ability indicates that the combined steric
effects of both substituents play the most significant role in predicting success of oxidation
in the diketopiperazine substrates. These results also suggest that the %V, parameter,
traditionally used to describe ligand-metal complexes, may be a significant measurement
predicting the reactivity of organic substrates.
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CONCLUSIONS

In summary, the hydroxylation of complex diketopiperazines promoted by
bis(pyridine)silver (1) permanganate has been a critical transformation for the total synthesis
of a variety of epipolythiodiketopiperazines. We have described the development of a
mathematical model for this hydroxylation reaction using hydantoin derivatives by relating
the relative rates of oxidation to various calculated molecular descriptors. The use of
hydantoins as the training set of substrates was desirable as this allowed simplification of the
oxidation analysis to a single event, and provided excellent substrate variability with control
over both the steric and electronic environment of the activated C—H bond subject to
hydroxylation. The model prioritizes Hammett values and %V, as key contributing factors
in the hydantoin series. Importantly, the model may be applied to more complex substrates
as illustrated in Figure 6 and it can correctly predict the hydroxylation outcome with a high
level of agreement with experimental results. This will provide a roadmap to synthetic
design and application of this late-stage oxidation reaction in complex synthesis and
provides a strategic guide into mapping other site selective oxidation processes.
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25. The model determines the potential for oxidation at each position and does not provide
stereochemical information. For illustrative purposes, the alcohol stereochemistry of the predicted
products is depicted consistent with prior experimental observations, see reference 2a.

26. For substrates (=)-14 and (+)-18, each diketopiperazine-methylene C—H bond was considered
independently, and parameters were collected from the starting material. Additionally, parameters
were collected for partially oxidized hemiaminal intermediates in which the C15 position was
oxidized cis or trans with respect to the C11 methine. These structures were used to probe
reactivity of the methylene C—H bonds and did not display a significant difference in modeling or
prediction.
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Figure 1.
Representative epipolythiodiketopiperazine natural products.
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Model comparing predicted AAG* to measured AAG¥ for the hydantoin library utilizing the
Taft parameter op, a nitrogen NBO charge, a 13C NMR shift, and percent buried volume of
the abstracted hydrogen.

JAm Chem Soc. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bischoff et al.

2

g C5
szﬁh p(C5)
>:O 2'5_
%Me N
g R
S R=H, Me, 2.0-
£ Ph, Bn, iBu
‘g 1.5-
[45]
g
% 0.5- .
ﬁ T Ll . =I Ll
03 02 -01 00 0.1
Op(cs)
Figure 3.

AAG* measured (kcal/mol)

Page 15
)o ﬁh Fp(cs)
=0
ipr? N e
R
R=H,Me, o 2.0-
Ph, Bn, CF, R=Ph
1.5-
[ ]
[ |
. 1.0'
0.5-
03 02 01 00 01 02
Op(cs)

Descriptions of variations in the electronic contribution of the N1 substituent to the model.
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The NBO charge of N1 describes the N1-H subset (A) and the 13C NMR shift describes
variation in the C5 substituent (B,C,D).
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Figure 5.
Structural correlation used to calculate parameters for hydantoins and the corresponding

diketopiperazines.
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Figure 6.
Relation of complex diketopiperazine oxidation outcomes predicted by model to

experimental outcomes.
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Scheme 1.
Key steps in the conversion of diketopiperazines (DKPs) to the corresponding

epidithiodiketopiperazines (ETPS).
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Representative application of our permanganate—-mediated diketopiperazine oxidation
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Scheme 3.
General preparation of hydantoins.
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Mechanistic investigations of permanganate mediated oxidation of hydantoins. Reaction
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