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An emerging trend in small-molecule pharmaceuticals, generally composed of nitrogen
heterocycles (V-heterocycles), is the incorporation of aliphatic fragments. Derivatization
of the aliphatic fragments to improve drug properties or identify metabolites often
requires lengthy de novo syntheses. Cytochrome P450 (CYP450) enzymes are capable
of direct site- and chemo-selective oxidation of a broad range of substrates but are not
preparative. A chemoinformatic analysis underscored limited structural diversity of
N-heterocyclic substrates oxidized using chemical methods relative to pharmaceutical
chemical space. Here, we describe a preparative chemical method for direct aliphatic
oxidation that tolerates a wide range of nitrogen functionality (chemoselective) and
matches the site of oxidation (site-selective) of liver CYP450 enzymes. Commercial
small-molecule catalyst Mn(CF;-PDP) selectively effects direct methylene oxidation in
compounds bearing 25 distinct heterocycles including 14 out of 27 of the most frequent
N-heterocycles found in U.S. Food and Drug Administration (FDA)-approved drugs.
Mn(CF;-PDP) oxidations of carbocyclic bioisostere drug candidates (for example, HCV
NS5B and COX-2 inhibitors including valdecoxib and celecoxib derivatives) and pre-
cursors of antipsychotic drugs blonanserin, buspirone, and tiospirone and the fungicide
penconazole are demonstrated to match the major site of aliphatic metabolism obtained
with liver microsomes. Oxidations are demonstrated at low Mn(CF;-PDP) loadings
(2.5 to 5 mol%) on gram scales of substrate to furnish preparative amounts of oxidized
products. A chemoinformatic analysis supports that Mn(CF,-PDP) significantly expands
the pharmaceutical chemical space accessible to small-molecule C-H oxidation catalysis.
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Nitrogen-containing heterocycles are present in 59% of FDA-approved pharmaceuticals (1).
An emerging trend for such N-heterocyclic drugs is the incorporation of small, methylene-rich
carbocycles as a way to improve their potency and solubility (Fig. 14) (2, 3).
However, structure—activity relationships (SAR) and metabolite identification (MetID)
studies are more challenging with these molecules relative to their aryl counterparts
(Fig. 1B) (4). Functionality at methylene sites is generally incorporated via lengthy de novo
syntheses due to the nonpreparative nature of biotransformations (5, 6) and the sparsity
of chemical methods for such chemoselective oxidations (7, 8) (Fig. 1 Cand D) (9-11).

Small-molecule catalysis has long held promise for mimicking nature’s enzymes in effect-
ing remote hydroxylations of unactivated C~H bonds (12-16). Whereas cytochrome P450
(CYP450) enzymes involved in biosynthesis of natural products are generally substrate-specific,
those involved in metabolism of xenobiotics are more promiscuous (17, 18). Despite signif-
icant structural differences, studies of iron and manganese PDP aliphatic C-H oxidation
catalysis have illuminated functional and mechanistic similarities with heme and nonheme
iron oxidation enzymes (19, 20). Only recently has this interesting reactivity been rendered
selective and preparative in complex molecule settings (21-24). Among the challenges that
remain are those pertaining to chemoselectivity, that is oxidizing strong bonds (ca. 96 to 98
keal/mol, pK, ~ 50) in the presence of other oxidatively labile functionality (for example,
T-systems, nitrogen) routinely found in biologically relevant molecules (25).

PDP catalysis has been demonstrated to selectively oxidize molecules from every
natural product class and emerging classes of pharmaceuticals (24, 26). Selectivity with-
out specificity is attributed to PDP catalysis’ ability to distinguish between ubiquitous
aliphatic C-H bonds on the basis of their electronic, steric, and stereoelectronic prop-
erties rather than by topologically specific catalyst—substrate interactions (21, 22). The
switch from iron to manganese furnished PDP catalysts (26-28) that can selectively
oxidize aliphatic sites in the presence of aromatic functionality (26, 28). Moreover, PDP
catalysts have been shown to be compatible with HBF; (pK, ~ -0.4) protonation of
amines that strongly deactivates nitrogen toward direct or alpha oxidation and enables
remote methylene oxidation (29). Herein, we reveal that commercial Mn(CF;-PDP)
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Significance

C-H oxidation reactions are
rarely used in laboratory
synthesis because without a
directing group on the substrate,
they lack the selectivity and
reactivity to preparatively furnish
mono-oxidized products. Here,
we report that commercial
Mn(CF;-PDP) catalyst promotes
nondirected methylene C-H
oxidations with exceptional
tolerance for oxidatively labile
nitrogen heterocycles abundant
in pharmaceuticals. Site
selectivities match those of the
major metabolites from
promiscuous liver cytochrome
P450 (CYP450) enzymes. Direct
gram-scale syntheses of drug
metabolites and derivatives are
demonstrated that otherwise
required de novo syntheses.
Chemoinformatic analysis guided
and quantitatively evaluated this
and other methods’ capacity to
oxidize substrates in small-
molecule pharmaceutical space
and underscores the tremendous
potential of Mn(CF5-PDP) as a
functional CYP450 enzyme mimic
in pharmaceutical studies.
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Fig. 1.

C(sp®)-H oxidation in the presence of N-heterocyclic functionality. (A) Saturated carbocycles are bioisosteres of aryl fragments and can improve the

potency and solubility of N-heterocyclic drugs. (B) In contrast to carbocycles, aryl fragments in N-heterocyclic drugs are rapidly diversified. (C) Multistep syntheses
are often required to introduce oxygen functionality onto carbocycles in N-heterocyclic drugs. (D) 5 to 9 step de novo syntheses were required to access aliphatic
metabolites of the antipsychotic drug blonanserin. (E) Previously reported methylene C-H oxidation methods demonstrate limited heterocycle scope and
structural diversity in comparison to pharmaceutical chemical space. *These catalysts can be found in references.

20of 11 https://doi.org/10.1073/pnas.2300315120

pnas.org



catalyst 1 used in combination with an HBF, protonation strat-
egy enables a chemical methylene C—H oxidation method that
is applicable to a broad range of nitrogen heterocycles (25 dis-
tinct heterocycles), operates on preparative scales, and matches
the site selectivities of liver CYP450 enzymes (Fig. 1E).

Results and Discussion

Metal catalysts and dioxirane oxidants, often in combination
with fluorinated solvents or Brensted acid additives, have
demonstrated C(sps)—H oxidations in the presence of oxidizable
functionality (for example, alcohols, amides, and some V-
heterocycles); however, this chemoselectivity has generally been
limited to 3° and benzylic oxidations (30-35). An initial evalu-
ation of heterocycle scope diversity for methylene C-H oxidation
methods reported from 2015 to 2021 showed very limited scope
(7 out of 27 of the top heterocycles in FDA-approved drugs,
26%, Fig. 1E) (29, 36-42). Moreover, visualization of the sub-
strate scope of these methods relative to pharmaceutical chemical
space showed clustering in sparsely populated areas indicating a
lack of both substrate diversity and drug-likeness (Fig. 1Z, vide
infra). We first systematically evaluated commercial Mn(CF;-
PDP) 1 methylene oxidations on small cycloalkanes containing
N-heterocycles with pK i/’s (i.e., pK, of the conjugate acid) span-
ning the broadest range reported to date (approximately 11.2 to
-3.0, see SI Appendix for heterocycle pK ; references, Fig. 24).
Using Mn(CF;-PDP) 1 catalysis with the HBF, protonation strat-
egy, saturated nitrogen heterocycles (pK,; ca. 11.2 to 10.3) includ-
ing pyrrolidine, piperidine, and tropane as well as tertiary amines,
such as N-methylbenzylamines, afford remote oxidation predict-
ably at the most sterically exposed, electron-rich methylene site
in preparative yields (3, 4, 7, 8) (21, 22). Mn(CF;-PDP) 1
oxidations operate under acidic conditions (26) (chloroacetic
acid additive, pK, ~ 2.7), and remote oxidation products could
be observed in some cases without HBF, protection. The dimin-
ished yields and significant recovered starting material (rsm)
observed in these cases are consistent with catalyst deactivation:
upon amine protonation, chloroacetate anion may interfere with
oxidation.

Saturated heterocycles with multiple sites available for C-H
oxidation are challenging substrates and have been sparsely eval-
uated for selective methylene oxidation (39). Overoxidation was
observed on the heterocyclic ring of an HBF,-protected azepane
substrate (30% mono-oxidation 5 and 40% dioxidation S41, see
SI Appendix), demonstrating that nitrogen protonation does not
stop oxidation on the azepane core (Fig. 24). Upon decreasing
the catalyst, oxidant, and acid loadings [2.5 mol% Mn(CF,-PDP)
1, 7.5 equiv. CIAcOH, and 5 equiv. H,O,], preparative amounts
of remote mono-oxidized azepane product 5 could be obtained
(50% mono-oxidation 5 and 20% dioxidation S41). Alternatively,
HBF, protonation of a benzylated azepane halts benzylic and
alpha N-oxidation while allowing for C3 heterocycle oxidation
to afford 6. In heterocycles containing multiple heteroatoms
whose lone pair electrons may hyperconjugatively activate adja-
cent C(spa)—H bonds toward oxidation, we examined whether
HBF, protonation of the basic nitrogen could inductively deac-
tivate the entire heterocycle from Mn(CF;-PDP) oxidation.
N-trifluoroacetyl-protected piperazine and morpholines under-
went remote aliphatic oxidations under these conditions (9, 10,
and 11, respectively). Interestingly, protonated amine function-
ality in morpholine affords selectivity at the most electron-rich
d-site on the cyclohexyl ring. Typically, little selectivity between
the 8- and y-sites is observed due to competing stereoelectronic
effects (relief of ring strain) that favor the y-site (vide infra, 14
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to 16 and 18) (22). Despite an electronically withdrawing sul-
fone in a thiomorpholine dioxide substrate, HBF, protonation
was required for productive remote oxidation to 13.

Analogous to observations with basic saturated heterocycles,
basic aromatic heterocycles such as imidazole and pyridine (pK,
ca. 6.9 and 5.2), also require HBF, protonation to afford remote
methylene oxidation products (Fig. 24). Imidazole 12 was fur-
nished in comparable efficiency at 2.5 mol% Mn(CF;-PDP) 1
and higher mass balance relative to the 10 mol% Mn(CF;-PDP)
1 conditions (87 Appendix), representing among the lowest catalyst
loadings reported to date for methylene oxidation and projecting
practical utility for multigram scale reactions (vide infra) (39, 41,
42). Cyclohexanone-substituted pyridines are extensively derivat-
ized scaffolds in the synthesis of biologically active molecules.
Oxidation of 4-cyclohexyl pyridine afforded both y- and 8-ketones
14 in synthetically useful yield with reduced functional group
manipulations relative to prior syntheses (S/ Appendix) (43).

Tolerance for heterocycles with increased aza-substitution has
rarely been demonstrated by previous methylene oxidation methods.
Cyclohexyl-pyridazines and -pyrimidine all afforded preparative
yields of remote oxidized products 15, 16, and 18 under HBF,
protonation (Fig. 2A4). Interestingly, cyclohexylpyrimidine was found
to proceed in good yields without protonation, likely a result of
diminished heterocycle basicity from the inductive withdrawal of
additional nitrogen atoms (44). In contrast, pyridazine-containing
compounds underwent decomposition without HBF, protonation,
possibly due to increased nucleophilicity of the adjacent nitrogen
atoms resulting from lone pair repulsion (o-effect) (44). 1,2,4- and
1,2,3-triazoles afford remote oxidation products 17 and 19 in sig-
nificantly improved yields upon protonation.

For heterocycles having a pK,;; below 0, the addition of HBF,
is not beneficial to Mn(CF;-PDP) 1 C-H oxidation (S Appendix).
Tetrazole, a common bioisostere for carboxylic acids (45), under-
went remote 2° oxidation in synthetically useful yield only without
HBF, protonation (20, Fig. 24). Isoxazoles are privileged scaffolds
present in pharmaceuticals such as parecoxib and valdecoxib (46).
Although a modest yield of the desired remote 2° C-H oxidation
product 21 is isolated for a monosubstituted isoxazole, a trisubsti-
tuted isoxazole affords significantly improved yield (vide infra). As
has been observed with other oxidants (37-39, 41), electron-deficient
phthalimide heterocycles are well tolerated and afford preparative
yields of remote oxidized product 22. Consistent with what we
noted above for azepane 5, the lower catalyst loading conditions
significantly improves mass balance of 22, likely due to a decrease
in overoxidation on the cycloheptane ring. Average chemoselectivity
(2° C-H oxidation products/conversion) for this reaction is 59%
(£15%). In many cases, intractable mixtures of polar side products
were noted likely due to overoxidation of the heterocyclic cores.

Manganese PDP-based catalysis in acidic, fluorinated alcohol
solvents enables chemoselective tertiary (3°) C-H hydroxylations
in N-heterocyclic substrates via hydrogen-bonding deactivation
of nitrogen (32, 34). We questioned whether the suprastoichio-
metric chloroacetic acid additive could facilitate Mn(PDP) 2 3°
C-H hydroxylations in heterocyclic substrates across a pK;; range
0f 10.3 to 1.2 (Fig. 2B). In contrast to remote methylene oxida-
tions, 3° oxidation is observed for all heterocycles in this pK,j
range without HBF, protonation, albeit in lower yields (23 to 30).
Reduction in the concentration of active catalyst via chloroacetate
anion and/or free amine likely does not significantly impact yields
of lower-energy C-H bond oxidations. This is consistent with
previous observations that 3° and alpha to nitrogen C—H hydrox-
ylations proceed with larger heterocycle scope and often reduced
catalyst loadings (0.1 to 0.5 mol%) relative to more energetically
challenging methylene oxidations (28, 31, 47).
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Having delineated heterocycle scope within simple substrates
of low complexity [Figs. 24, general index of molecular complex-
ity = BertzCT (48) = 96 to 527], Mn(CF;-PDP) 1 remote oxida-
tions were evaluated in pharmaceutically relevant small molecules
containing heterocycles and/or nitrogen motifs of increasing com-
plexity (Fig. 2C, BertzCT = 236 to 924). A dextromethorphan
derivative, containing an oxidatively labile morphinan core, pre-
viously underwent Fe(CF;-PDP) methylene oxidation with HBF,
protonation in 45% yield (29), whereas (R, R)-Mn(CF;-PDP) 1
catalysis afforded significantly improved chemoselectivity to afford
76% overall yield of remote ketone products (+)-31a (C7) and
31b (C6), as well as C6 alcohol (+)-31c (1.6:1 = C7:C6, see
SI Appendix). A dihydroorotate dehydrogenase inhibitor (49)
bearing a quinoline moiety afforded remote methylene oxidation
products 32 in a modest 21% yield under standard conditions
(SI Appendix), likely due to the presence of an oxidatively labile
aromatic ring. Employing the lower catalyst loading conditions
(2.5 mol%), an improvement in yield to 34% was observed.

Heterocycles with multiple heteroatoms proceeded with pre-
dictable chemoselectivities in more complex molecule settings
(Fig. 2C). A phenylmorpholine analog (50) bearing a doubly acti-
vated benzylic/ethereal 3° C—H bond afforded remote methylene
oxidation on the cyclopentyl ring in good yield (33, 47%).
Piperidine carboxamide, a substructure found in bupivacaine, a
local anesthetic agent, underwent Mn(CF;-PDP) 1 remote oxi-
dation on a cyclopentyl ring in 47% yield (34). Although amide
motifs generally require a separate imidate protection (36), pip-
eridine HBF, protonation likely inductively deactivates the adja-
cent amide to enable remote methylene oxidation. Benzisoxazoles
are privileged structures in medicinal chemistry (51). Derivatives
of the antipsychotic drug paliperidone containing a piperidylb-
enzisoxazole core underwent Mn(PDP) 2 and Mn(CF;-PDP) 1
remote 3° and 2° C-H oxidations in 51% and 43% yield, respec-
tively (35 and 36). Underscoring the challenge of generating
functionalized carbocycles, traditional installation of the oxidized
methanecyclopentane fragment onto these heterocycles required
a seven-step de novo synthesis from prefunctionalized starting
material (S Appendix) (52).

Electron-deficient heterocycles generally do not benefit from
HBEF, protonation prior to remote C-H oxidation (Fig. 2C).
Saturated tecovirimat (53), an antipox viral drug featuring a polycy-
clic hydrocarbon skeleton and an electron-deficient N-benzoamido
moiety, underwent Mn(CF;-PDP) 1 hydroxylation at the sterically
exposed 3° C-H bond in 54% yield with no observed opening of
the adjacent cyclopropane (37). An analog of the antibiotic sulbac-
tam, bearing a prevalent f-lactam core flanked by two strongly
electron-withdrawing groups, afforded remote methylene oxidation
product 38 in 57% yield. As described above, heterocycles with a
pK.y >1 should benefit from HBF, protonation; however, pyrazole
heterocycles having a pK; of ca. 2.5 afforded rsm or decomposition
upon HBE, protection/oxidation (S Appendix). For example, rux-
olitinib precursors (54), containing a pyrazole heterocycle with pin-
acol boronic ester (Bpin) or bromide moieties, only afforded useful
yields of remote methylene oxidation products (38% and 33%, 39
and 40, respectively) in the absence of HBF, protonation.

Cyclopentane and cyclohexane carbocycles are common bioi-
sosteres for aromatic rings; however, they are rarely structural start-
ing points in drug discovery due to the difficulty in generating
functionalized analogs (2). We investigated Mn(CF;-PDP) 1 oxi-
dations of carbocyclic drug candidates of high complexity (BertzCT
(48) = 500 to 1,121), previously shown to have greater potency
than their aromatic counterparts (Fig. 3). An 11f-hydroxysteroid
dehydrogenase inhibitor reported a twofold increase in potency
when a benzyl group was exchanged for a cyclopentyl group
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(Fig. 34) (55). Mn(CF;-PDP) 1 oxidation of 41, bearing a tetra-
zole moiety (ca. pK,j; = -2.7) gave a single remote oxidation prod-
uct 42 in 41% yield. A dioxo-triazine cathepsin K inhibitor
reported a sixfold boost in potency when the N-phenyl substituent
was exchanged for a cyclopentyl ring (Fig. 3B) (56). Oxidation of
this bioisostere 43 afforded 56% yield of remote ketone $45 that
provides a functional group handle for further diversification. The
ketone was diastereoselectively reduced to alcohol 44 followed by
deoxyfluorination to afford the monofluorine compound 45 as a
single diastereomer.

Exchange of an aromatic ring for a saturated carbocycle intro-
duces new C(:pS)—H sites for oxidative metabolism. We hygoth—
esized that the site selectivity of Mn(CF;-PDP) 1 C(sp’)-H
oxidation may correlate with that of promiscuous CYP450 liver
enzymes, thereby providing an expedient and preparative way to
perform early MetID studies to inform rational drug design.
Exchanging the aromatic rings in valdecoxib and celecoxib, both
nonsteroidal anti-inflammatories, for cyclopentyl rings afforded
bioisosteres, 46 and 48 (Fig. 3 C'and D). Notably, whereas mono-
substituted isoxazole in a simple substrate was poorly tolerated
(Fig. 24), Mn(CF;-PDP) 1 remote oxidation of a trisubstituted
isoxazole in 46 furnished ketone $46 in 43% yield. Similar
improvements in yield were observed with pyrazoles, with the
trisubstituted pyrazole in 48 affording a single ketone S47 in 73%
yield. This underscores how simple model substrates may under-
predict functional group tolerance for Mn(CF;-PDP) 1 oxidations
in complex molecule settings where greater steric and/or electronic
influences can impede heterocycle oxidation.

Both 46 and 48 afforded hydroxylated metabolites when incu-
bated with rat liver microsome preparations (Fig. 3 Cand D, CI,,
= unscaled intrinsic metabolic clearance (uL/min/mg); rat liver
microsomes: 46 CI,, = 66; 48 CI,, = 136; for human liver micro-

some CI, , see SI Appendix). LC-MS/MS fragmentation pattern
analysis localized hydroxylation to the cyclopentyl ring of 46 and
48 but could not determine the exact site of oxidation. In con-
trast, preparative late-stage oxidation enabled rapid metabolite
ID: Mn(CF;-PDP) 1 oxidation products, ketones S46 and S47
were reduced to alcohols 47 (d.r. = 9:1) and 49 (d.r. = 2:1), and
both sets of diastereomers matched with the primary metabolites
by HPLC retention times, exact mass from quadrupole time of
flight (QTOF) measurements, and MS-MS fragmentation pat-
terns. Alcohol 49 underwent deoxyfluorination to afford fluori-
nated diastereomers 50, that showed decreased metabolism in rat
liver microsomes (CI;,, 57 pL/min/mg), with metabolism no
longer observed on the cyclopentyl ring. In contrast, ketones $46
and S47 (SI Appendix) and alcohols 47 and 49 were stable to
further oxidation (CI,, < 20 pL/min/mg), likely due to a decrease
in their lipophilicity (57).

A benzimidazole series of hepatitis C NS5B polymerase inhib-
itors reported an 84-fold boost in potency when an N-phenyl was
exchanged for a cyclohexyl substituent (Fig. 3E) (3). Intercepting
an ester precursor of the HCV inhibitor 51, HBF, protection
deactivated the pyridine as well as the benzimidazole functionality
toward oxidation. Mn(CF;-PDP) 1 oxidation afforded a separable
mixture of remote y-alcohol 53 as a single observed diastereomer
and 8-ketone 55 in 53% overall yield. Reduction of the ketone
followed by hydrolysis of the esters resulted in two alcohol analogs
54 and 56 of the parent inhibitor. Although the compound was
relatively stable to metabolism (rat CI,, = 32 pL/min/mg), the
major metabolite matched Mn(CF;-PDP) 1 generated 8-cis-alcohol
56 by HPLC retention times, exact mass from QTOF measure-
ments, and MS-MS fragmentation patterns.

A series of pyrimidine-based COX-2 inhibitors reported a nine-
fold boost in potency when the phenyl ring was exchanged for a
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Fig. 3. Mn(CF;-PDP) 1 C-H oxidation of saturated carbocycle bioisosteres of N-heterocyclic drug candidates. (A)

11p-hydroxysteroid dehydrogenase (hHSD1)

inhibitor reported a twofold increase in potency for cyclopentyl bioisostere 41 that can be oxidized selectively to give cyclopentanone 42. (B) Cathepsin K
inhibitor reported a sixfold increase in potency in cyclopentyl bioisostere 43 that can be oxidized selectively and diversified by reduction and deoxyfluorination.
(C) Cyclopentyl bioisostere of valdecoxib 46 undergoes selective oxidation and reduction to form alcohol 47 at the same carbon as CYP450 enzymes. (D)
Cyclopentyl bioisostere of celecoxib 48 undergoes selective oxidation and reduction to form alcohol 49 at the same carbon site as CYP450 enzymes. Fluorination
affords 50 that shows reduced metabolism in rat liver microsomes (Cl;,; 57 uL/min/mg) relative to 48. (E) Hepatitis C (HCV) inhibitor reported an 84-fold increase
in potency in cyclohexyl bioisostere 52. Precursor 51 can be oxidized to form a single diastereomer of y-alcohol 53 and &-ketone 55. Reduction of the ketone
and hydrolysis forms alcohol 56 at the same carbon site with the same stereochemistry as CYP450 enzymes. (F) COX-2 inhibitor reported a ninefold increase
in potency in cyclohexyl bioisostere 57 that can be oxidized to give y- and &-ketones 58 which can be diversified by reduction to form alcohol 59 at the same
carbon site as CYP450 enzymes. Method B is used unless otherwise noted. °Method A at 0 °C. bBH3-THF (1.1 equiv.) in THF, 0 °C. “Deoxo- Fluor® (6.0 equiv.), TMS-
morpholine (6.0 equiv.), refluxed in CH,Cl, overnight. “NaBH, (1.1 equiv.) in MeOH, 0 °C. *Unscaled intrinsic clearance in rat liver microsome preparations, pL of
compound metabolized per minute per mg of protein. For human liver microsome preparations, see S/ Appendix. ‘Deoxo-Fluor® (6.0 equiv.), TMS-morpholine
(6.0 equiv.), refluxed in toluene overnight. £2M NaOH (2.7 equiv.) in MeOH, 60 °C. thtrogen was HBF,*OEt, protected. 'Method C [3 x 5 mol% Mn(CF,-PDP) 1] at
-36 °C. Starting material recycled once. 'L- selectride® (1.0 equiv.) in THF, =78 °C. “Modified method A [5 mol% Mn(CF5-PDP) 1] at -36 °C. 'Ratios are statistically
corrected. MKetone regioisomers/enantiomers separated by chiral SFC separation. "LiAlH, (1.1 equiv.) in THF, =78 °C. °Optical rotation based on a 9:1 mixture
of diastereoisomers. PUnscaled intrinsic clearance in human liver microsome preparations: 223 pL/min/mg.
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Fig. 4. Streamlining blonanserin metabolite and analog synthesis. (A) Blonanserin precursor 60 was oxidized on a 2.4 g scale with Mn(CF;-PDP) 1 to afford 1.4 g
of a mixture of ketone products at C7 and C8, known sites of CYP450 metabolism, with minor ketone products observed at C6 and C9. The yield is comparable to
that on a 0.3-mmol scale using 10 mol% Mn(CF5-PDP) 1 (49% of C7 and C8). Reduction of ketones to alcohols 61 and 62 followed by Sy Ar cross-coupling afforded
known metabolites 63 and 64. Diversification of alcohols 61 and 62 via deoxyfluorination and oxidative methylation followed by cross-coupling afforded fluorinated
(65 and 66) and methylated (67 and 68) analogs, respectively. (B) Compounds from analog library were subjected to metabolism studies to measure intrinsic clearance
in rat and human liver microsomes. Measurement of 1Cs; values of blonanserin and analogs against Dopamine D,, receptor using a known radioligand binding
assay. *Nitrogen was HBF,*OFEt, protected, and modified method D was used. °C7 and C8 were the major sites of oxidation, C7+C8:C6+C9 = 5.5:1. “NaBH, (1.1 equiv.)
in MeOH. dN—ethyl piperazine (15.0 equiv.), KI (1.0 equiv.), heated to 165 °C. *AlkylFluor (1.2 equiv.), CsF (5.0 equiv.) generate PhenoFluor in situ as described in ref.
62. ‘Methylation procedure as described in ref. 47 was performed on pure C7 and C8 alcohols. This afforded olefin by-products that were removed via HBF +OEt,

nitrogen protection then mCPBA (1.6 equiv.) oxidation. 81:1 C7:C6. h2:1 C8:CO.

cyclohexyl ring (Fig. 3F) (58). Mn(CF;-PDP) 1 catalysis was applied
to both isomeric aromatic series (57 and $43) and afforded a mixture
of y- and 8-ketones on the cyclohexyl rings in synthetically useful
yields (58, 49% v:8 = 1:1.1, and S53/S54 56% y:d = 1:1.3, see
SI Appendix). Whereas simple pyrimidines performed equally well
with and without HBF, protonation, pyrimidines 57 and 843, with
extended 7t-systems, required protonation to obtain optimal yields
(81 Appendix). Following chiral supercritical fluid (SFC) separation
of the ketone mixtures, reduction afforded y-alcohols (+)-59a and
(-)-59b and &-alcohol S52 (isomeric series: (+)-S56, (-)-S57, and
§58, see SI Appendix). COX-2 inhibitor 57 afforded aliphatic
hydroxylated metabolites when incubated with either rat or human
liver microsome preparations (rat Cl;, = 244; human CI,, = 223,
see SI Appendix) with the major metabolite in both cases matching
Mn(CF;-PDP) 1 generated compound 59 by HPLC retention
times, exact mass from QTOF measurements, and MS-MS frag-
mentation patterns. The demonstrated ability of Mn(CF;-PDP) 1
catalysis to generate the major aliphatic metabolite of a diverse series
of N-heterocyclic bioisostere drug analogs supports its broad appli-
cability as a functional mimic of CYP450 enzymes.

Blonanserin, an atypical antipsychotic approved for treatment
of schizophrenia in Asia, undergoes extensive oxidative CYP450
metabolism (10, 11). In order to confirm aliphatic oxidation at C7
and C8 on the cyclooctyl ring, independent 5 to 9 step de novo
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syntheses were needed. In contrast, a late-stage blonanserin inter-
mediate 60 underwent Mn(CF;-PDP) 1 oxidation (2.5 mol%) on
a2.4 g (8.3 mmol) scale to directly furnish 1.4 g of oxidized mate-
rial (57% yield, Fig. 44). Analogous to CYP450 enzymes, the major
sites of aliphatic oxidation were observed at C7 and C8 (ketones
§59a and S59b, 1.2 g, 48% yield, C7:C8 = 1.6:1) with minor
oxidation at C6 and C9 (ketones $59¢ and $59d, 218 mg, 9%
yield, C6:C9 = 1:1.3). The lack of benzylic oxidation can be ration-
alized by electronic deactivation at C10 due to the protonated
pyridine, steric deactivation of C5 by the proximal aryl group, and
stereoelectronic deactivation of both sites by torsional strain that
is introduced during aromatic radical stabilization (22, 29, 59).
The late-stage oxidation (60, 61) of advanced hydrocarbon pre-
cursor 60 on multigram scale afforded sufficient material to syn-
thesize hydroxylated metabolites as well as fluorinated and
methylated blonanserin analogs for biological studies (Fig. 4A4).
Reduction of the C7 and C8 ketones (S59a and S59b) afford alco-
hols 61 and 62 followed by SyAr cross-coupling afforded
(+)-7-hydroxyl 63 and (z)-8-hydroxyl 64 blonanserin metabolites
in a significantly reduced overall step count (11). Deoxyfluorination
of alcohols 61 and 62 with in situ generated PhenoFluor (62) and
subsequent cross-coupling furnished C7 and C8 fluorinated analogs
65 and 66. Methylation of 61 and 62 using our oxidative methyl-
ation protocol (47) afforded C7 and C8 methylated analogs 67 and
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68. Whereas known C7 and C8 metabolites 63 and 64 showed
lower rates of metabolism relative to the parent, they also had
reduced binding affinity to the human dopamine D, receptor, a
known central nervous system target for blonanserin (Fig. 4B).
Fluorinated and methylated analogs (65 to 68) retained potency
with the C8 fluorinated analog (66) being comparable to that of
the parent compound, blonanserin. Although substitution of hydro-
gen with fluorine or methyl groups at metabolically labile sites is a
well-precedented approach for attenuating metabolism (57), block-
ing aliphatic sites C7 and C8 with these groups did not significantly
impact metabolic clearance due to extensive oxidation on the pip-
erazine motif. Collectively, these studies show that Mn(CF;-PDP)
1 is a preparative late-stage C—H oxidation catalyst for efficient
generation of metabolites and analogs on aliphatic portions of het-
erocyclic drugs to rapidly inform MetID and SAR studies.

Given the demonstrated capacity of Mn(CF;-PDP) 1 catalysis to
serve as a preparative mimic of promiscuous CYP450 enzymes, we
were interested in evaluating other important metrics such as yield
and scale relative to previous state-of-the-art chemical methods used
in aliphatic metabolite synthesis (Fig. 5A4). Penconazole 69, a widely
used fungicide, has monohydroxylated metabolites at C1 and C2
carbons of the propyl side chain (63). Electrochemical oxidation of
penconazole 69 on an 85.2 mg scale (0.3 mmol) was reported to
afford 17 mg C2 ketone 70 (19%) and 6.3 mg C3 ketone (7%) (38).
In contrast, Mn(CF;-PDP) 1 (5 mol%) oxidation of penconazole 69
ona 1 g scale (3.6 mmol) afforded 412 mg (1.4 mmol, 38% yield)
of C2 oxidized product 70 with 50% rsm. Imide 71 was reported to
undergo electrochemical oxidation to afford 22.7 mg (24% yield) of
ketone 72, a precursor to the metabolites of buspirone (64) and tio-
spirone (65), with 64% rsm (38). Recycling of the starting material
two times was needed to furnish 44.6 mg of ketone 72 in 47% overall
yield. In comparison, Mn(CF;-PDP) 1 oxidation (2.5 mol%) of 71
was performed on a 1.5 g (4.8 mmol) scale to afford 1.1 g of ketone
72 (74% yield) in a single reaction. These examples serve to under-
score the practical, robust nature of Mn(CF;-PDP) 1 catalysis that
uses commercial reagents and ambient reaction conditions to directly
access gram quantities of metabolites and their precursors. The scal-
ability of the Mn(CF;-PDP) 1 oxidation is noteworthy: comparable
yields are observed upon 18- to 28-fold increases in scale using 25 to
50% of the standard catalyst loading (10 mol%) relative to the 0.2
to 0.3 mmol reactions (Flgs 4A and 5A4).

Mn(CF;-PDP) 1 C(sp )-H oxidation is noteworthy in its
capacity to streamline synthesis of pharmaceuticals and interme-
dlates by connectmg late-stage aliphatic oxidation with powerful
C(xp )— C(sp ) cross-coupling (66), currently well precented for
unfunctionalized carbocycles (Fig. 5B) (67). The route to linro-
dostat, an anticancer compound in clinical trials, proceeds through
ketone intermediate 74 whose key C~C bond forming step linking
the preoxidized cyclohexanone and quinoline fragments required
three functlonal group manipulations (Fig. 1C) (9). In contrast,
C(xp )— C(sp ) cross-coupling (66) linked an unfunctionalized
cyclohexane to the quinoline heterocycle (73) followed by
Mn(CF;-PDP) 1 oxidation to afford y- and 8-ketones 74 in 2
steps, with no functional group manipulations.

Evaluation of heterocycle scope diversity shows that Mn(CF;-PDP)
1 methylene oxidation, first reported in 2019 (26), tolerates 14 of
the 27 (52%) most frequent heterocycles in FDA-approved drugs
(1); this compares favorably to all other methylene C-H oxidation
methods reported with similar chemoselectivity from 2015 to 2021
combined (7 out of 27, 26%) (29, 36-42). However, simple heter-
ocycle scope may not correlate to whole molecule drug-likeness;
therefore, we sought to evaluate the overall structural diversity of
substrates in the context of pharmaceutical chemical space (Fig. 5C)
(68, 69). A data set of small-molecule drugs obtained from ChEMBL
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(70) was combined with N-heterocyclic molecules successfully oxi-
dized using ours and other representative aliphatic C-H oxidation
methods [Mn(CF;-PDP) (26) 1, Fe(CF;-PDP) (29, 36), electro-
chemical (37, 38), bis(bipyridine)-ruthenium (39), sodium deca-
tungstate (NaDT) (40), and other Fe/Mn(PDP)-based catalysts
(41, 42)]. All of these molecules were filtered based on the presence
of N-heterocycles, molecular weight (100 to 500 g/mol), >4 sp

atoms, and other physical properties (see S/ Appendix for details).

This resulted in 4,499 molecules for which a topological fingerprint
was calculated using RDKit (71) that quantitatively describes atom
connectivity across the entire molecule. Uniform Manifold
Approximation and Projection (UMAP) (72), a reliable technique
that provides a low dimensional representation of multidimensional
data, was used to visualize substrates of the C—H oxidation methods
(colored) before and after Mn(CF;-PDP) 1 compared to drug-like
chemical space (gray) (Figs. 1£ and 5C). Substrates from previous
methods (many colors), including those reported with our
Fe(CF;-PDP) catalysis (purple) (29, 36), tend to cluster tightly in
sparsely occupied regions of pharmaceutical space (gray). Substrates
for Mn(CF;-PDP) 1 oxidations (red), all obtained via de novo syn-
thesis or from readily available commercial sources (see ST Appendix
for details), are well dispersed and reside in both previously reported
and novel, densely occupied regions of pharmaceutical chemical
space (gray). Gradient plot analyses of the chemical space
provided by UMAP indicate that the novel regions contain
higher-molecular-weight and higher-complexity pharmaceuticals.
For example, substrates $33, $36, and 839 share heterocyclic cores
and whole molecule drug-like motifs with complex pharmaceuticals
fenbutrazate, risperidone, and PF-04991532. In contrast, piperidine
substrates from previous methods share chemical space with
fragment-sized drugs such as nanofin. Consistent with this, a plot
that connects compounds using a Tanimoto coefficient (73) shows
nearly all substrates from previous reports share 280% structural
similarity with at least one other molecule, whereas Mn(CF;-PDP)
1 substrates show limited connectivity indicating high structural
diversity. For example, the largest cluster is composed of small ali-
phatic amides that make up 54% of all N-heterocyclic molecules
oxidized using Fe(CF;-PDP) catalysis. The second largest cluster
consists of phthalimide heterocycles, which have low representation
in drugs, but comprise 42% of substrates oxidized with non-CF;-PDP
methods. Pharmaceutical space that is not represented by any of the
methods (i.e., neticonazole) serves to highlight underdeveloped areas
in chemoselective aliphatic C-H oxidations such as tolerance for
electron-rich aromatic rings and sulfur functionality.

Conclusions

A comprehensive evaluation of commercial Mn(CF;-PDP) 1
methylene C—H oxidation catalysis reveals noteworthy scalability
and chemoselectivity for methylene oxidation in the presence of
oxidatively labile N-heterocycles. A chemoinformatic analysis of
the scope supports Mn(CF;-PDP) 1 catalysis affords a significant
expansion in the structural diversity accessible by chemical C-H
oxidation methods relative to pharmaceutical chemical space.
'This expanded scope enabled the comparison of Mn(CF;-PDP)
1 site-selectivities with those of liver CYP450 enzymes in the
late stage oxidation of drug molecules, leading to the powerful
conclusion that small molecule catalysis is capable of mimicking
aliphatic site-selectivities of such promiscuous enzymes. Coll-
ectively, the preparative nature of Mn(CF;-PDP) 1 small-
molecule catalysis combined with its chemo- and site-selectivity
opens the door for its use as a functional mimic of liver CYP450
enzymes to rapidly inform MetID and SAR studies in
pharmacology.
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Materials and Methods

General Procedure for HBF, Protection/Deprotection. To a flame-dried
40-mLvial with a magnetic stir bar were added substrate (0.3 mmol, 1.0 equiv.)
and anhydrous CH,Cl, (1.2 mL, 0.25 M). The vial was flushed with an N, stream
and then cooled to 0 °C. HBF,®OEt, (45 pL, 1.1 equiv.) was added dropwise
via a syringe, and the reaction was allowed to stir at 0 °C for 30 min and then
warmed to room temperature and stirred for an additional 1 h. The reaction was
concentrated in vacuo and left on high vacuum overnight (12 to 24 h). Resultant
HBF, salts were used as substrates.

HBF, deprotection. After completion of the oxidation reaction, the following
workup was done. The reaction was warmed to room temperature and concentrated
invacuo toa minimum amount of solvent (CAUTION: Do not concentrate to dryness
due to residual H,0,). The reaction was diluted with DCM (10 mL), basified with
3 M NaOH (10 mL), and stirred vigorously for 20 min. The resulting solution was
poured into 3 M NaOH (30 mL) and extracted with DCM (3 x 20 mL).The combined
organic layer was washed with brine (1 x 60 mL) and then dried with Na,SO,.The
filtrate was concentrated and purified by flash column chromatography onsilica gel.

General Oxidation Procedure Method A (Double Slow Addition of Catalyst
and Oxidant). A 40-mL vial was charged with substrate (0.3 mmol, 1.0 equiv.),
CICH,CO,H (CIACOH, 425 mg, 4.5 mmol, 15.0 equiv.), and a stir bar. Acetonitrile
(MeCN, 0.6 mL, 0.5 M) was added along the wall to ensure that all compounds were
washed beneath the solventlevel and the vial was sealed with a screw cap fitted with
a PTFE/Silicone septum. The vial was cooled to —36 °Cwith 1,2-dichloroethane/dry
ice bath orto 0 °Cwith ice/water bath. A solution of the Mn(CF3-PDP) 1 catalyst (40.7
mg, 0.03 mmol, 10 mol%)in MeCN (0.375 mL, 0.083 M) was taken upina 1.0 mL
syringe. Mn(CF3PDP) 1 is commonly known as the White-Gormisky-Zhao catalyst
and is commercial from Strem and the chloride precursor, which must undergo silver
hexafluoroantimonate metathesis prior to use, is commercial from J&K Scientific.
Afew drops of this solution were added to the reaction. A 10-mL syringe was filled
withasolution of H,0, (204 mg, 3.0 mmol, 10.0 equiv., 50% wt.in H,0, purchased
from Sigma-Aldrich)in MeCN (3.75 mL, 0.8 M). Both syringes were fitted with 25G
needles and loaded in a syringe pump resulting in a simultaneous addition of
catalystand oxidant solutions over 3 h while the reaction vial was maintained at the
corresponding temperature (1.25 mU/h addition rate set for the H,0, syringe; 0.125
mU/h for the catalyst syringe). Upon completion, the reaction was warmed to room
temperature and concentrated in vacuo to a minimum amount of solvent (CAUTION:
Do not concentrate to dryness due to residual H,0,). When HBF, protection was
used, NaOH workup was performed (HBF, deprotection).

NaHCO05 workup. When no HBF, protection was used, the residue was dissolved
in ~20 mL DCM and washed with 20 mL sat. NaHCO, solution (CAUTION: CO, was
released) to remove CIAcOH. The aqueous layer was extracted with DCM (2 x 15
mL), and the combined organic layer was dried with Na,SO,. When method A is
used for tertiary oxidation, the following changes are made: Mn(PDP) 2 (27.9 mg,
0.03 mmol, 10 mol%) with H,0, (102 mg, 1.5 mmol, 5.0 equiv., 50% wt. in H,0,
purchased from Sigma-Aldrich), and the vial is cooled and maintained at —36 °C for
the course of the reaction.

General Oxidation Procedure Method B (Single Slow Addition of Oxidant).
A 40-mL vial was charged with substrate (0.3 mmol, 1.0 equiv.), Mn(CF,-PDP)
1 catalyst (40.7 mg, 0.03 mmol, 10 mol%), CIACcOH (425 mg, 4.5 mmol, 15.0
equiv.), and a stir bar. Acetonitrile (MeCN, 0.6 mL, 0.5 M) was added along the
wall asin method A. The vial was cooled to 0 °C with an ice/water bath. A separate
solution of H,0, (204 mg, 3.0 mmol, 10.0 equiv., 50% wt. in H,0) in MeCN
(3.75 mL, 0.8 M) was loaded into a 10-mL syringe fitted with a 25G needle and
was added dropwise to the stirring reaction over 3 h via a syringe pump (1.25
mL/h addition rate) while the reaction vial was maintained at the corresponding
temperature. Upon completion, the reaction mixture was treated as in method A.
When method B is used for tertiary oxidation, the following changes are made:
Mn(PDP) 2 (27.9 mg, 0.03 mmol, 10 mol%) with H,0, (102 mg, 1.5 mmol, 5.0
equiv., 50%wt.in H,0, purchased from Sigma-Aldrich), and the vial is cooled and
maintained at —36 °C for the course of the reaction.

Method C (Iterative Catalyst Addition, Slow Addition Oxidant). This protocol
was used when method B gave low conversion and method Agave low rsm.A40-mL
vial was charged with substrate (0.3 mmol, 1.0 equiv.), Mn(CF;-PDP) 1 catalyst (20.3
mg, 0.015 mmol, 5 mol%), CIACOH (425 mg, 4.5 mmol, 15.0 equiv.), and a stir bar.
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Acetonitrile (MeCN, 0.6 mL, 0.5 M) was added along the wall as in method A. The vial
was cooled to —36 °Cor 0 °C. A separate solution of H,0, (204 mg, 3.0 mmol, 10.0
equiv., 50% wt. in H,0)in MeCN (3.75 mL, 0.8 M) was loaded into a 10-mLsyringe
fitted with a 25-G needle and was added dropwise to the stirring reaction over 3 h
viaasyringe pump (1.25 mL/h addition rate) while the reaction vial was maintained
at the corresponding temperature. At 1.5 h, an additional 5 mol% Mn(CF,-PDP) 1
catalyst(20.3mg,0.015 mmolin 0.1 mLMeCN)was added dropwise to the reaction.
Upon completion, the reaction mixture was treated as in method A. If low conversion
is observed, the catalyst can be added three times at 5 mol%(0.015 mmol in 0.1 mL
MeCN)with addition done every hour. When method Cis used for tertiary oxidation,
the following changes are made: Mn(PDP) 2 (14.0 mg, 0.015 mmol, 5 mol%) with
H,0, (102 mg, 1.5 mmol, 5.0 equiv., 50% wt. in H,0), and the vial is cooled and
maintained at —36 °C bath for the course of the reaction.

Method D (Low Catalyst Loading Procedure). A 40-mL vial was charged
with substrate (0.3 mmol, 1.0 equiv.), CIAcOH (107 mg, 1.13 mmol, 3.75
equiv.), and a stir bar. Acetonitrile (MeCN, 1.0 mL, 0.3 M) was added along
the wall as in method A. The vial was cooled to 0 °C. A 1.0-mL syringe was
filled with a solution of the Mn(CF,-PDP) 1 catalyst (10.2 mg, 0.0075 mmol,
2.5 mol%) in MeCN (0.625 mL, 0.012 M). A few drops of this solution were
added to the reaction. A 10-mL syringe was filled with a solution of H,0, (51
mg, 0.75 mmol, 2.5 equiv., 50% wt. in H,0) in MeCN (6.25 mL, 0.12 M). Both
syringes were fitted with 25G needles and loaded in a syringe pump resulting
inasimultaneous addition of catalyst and oxidant solutions over 3 h while the
reaction vial was maintained at 0 °C(2.083 mL/h addition rate set for the H,0,
syringe; 0.208 mL/h for the catalyst syringe). Upon completion, the reaction
mixture was treated as in method A. If low conversion was observed, amounts
of reagents were altered: Mn(CF;-PDP) 1 (2.5 or 5 mol%), CIAcOH (3.75, 5,
7.5, 0r 15 equiv.), H,0, (2.5 or 5 equiv.). For large-scale reactions (3.6 to 8.3
mmol), oxidant/MeCN solution was loaded into multiple syringes, and upon
depletion of oxidant solution, the next syringe with oxidant was loaded into
the syringe pump and addition continued.
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