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typically requires functional groups near

the target site, remains challenging. This

study introduces a supramolecular

Mn(mcp)-RS2 catalyst that harnesses the

solvophobic effect in fluorinated alcohols

to enable site-selective oxidation without

functional-group dependence, achieving

preferential oxidation at specific

positions on aliphatic substrates.
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THE BIGGER PICTURE The direct oxidation of hydrocarbons with suitable catalysts enables resource-effi-
cient access to high-value functionalized molecules from inexpensive bulk starting materials. However,
the site-selective oxidation of unactivated positions traditionally depends on functional groups that are
already present on the substrate to enable substrate-catalyst binding. This article presents an alternative
approach. Substrate-catalyst binding is enabled by the solvophobic effect in highly polar fluorinated alcohol
solvents, enabling site-selective oxidations to the fifth position on the chain of alkane substrates. Such po-
sitions cannot be addressed with state-of-the-art oxidation catalysts. In the long term, this approach could
enable the site-selective oxidation of complex carbon frameworks, facilitating the resource-efficient synthe-
sis of drugs.
SUMMARY
Although the field of C(sp3)–H oxidation has progressed tremendously over the last decades, the selective
oxidation of non-activated positions on hydrocarbon skeletons is still highly challenging. It usually requires
the presence of a suitable functional handle in proximity to the desired oxidation site. Here, we present a
novel approach to catalyst-directed C–H oxidation that relies on substrate binding via the solvophobic effect
in fluorinated alcohols and thus is independent of specific functional groups on the substrate. The supramo-
lecular catalyst Mn(mcp)-RS2 enables the preferential oxidation at the fifth position from the less-hindered
side on aliphatic substrates.
INTRODUCTION

Aliphatic C–H oxidation represents a powerful transformation in

organic synthesis in that it enables the direct functionalization of

otherwise inert C–H bonds. However, functionalizing aliphatic C–

H bonds is difficult because of the substantial bond strength for

homolytic bond cleavage (bond-dissociation energy close to

100 kcal/mol),1 as well as heterolytic cleavage (pKa R 50).2

Moreover, achieving selectivity is highly challenging because a

multitude of C–H bonds with similar reactivity are present within

themolecule. Chemists have developed highly innovative strate-

gies for oxidizing some positions selectively. Importantly, the

intrinsic reactivity of C–H bonds is now well understood and

even predictable.3–8 Electronic, steric, and stereoelectronic

biases can be utilized for achieving the selective oxidation of a

certain C–H bond in a given molecule. However, if an oxidation

at a less reactive position is desired, the options are severely

limited. If a functional handle at a precise distance to the desired

oxidation position is available, directed intramolecular oxida-
Chem 11, 102442, Ma
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tions might be an option. Such approaches have been devel-

oped, for instance, by the Breslow,9,10 Baran,11 Hartwig,12 and

White13 groups.

A very promising approach to selectively oxidizing a specific

C–H bond is catalyst-directed C–H oxidation. It relies on attach-

ing to the oxidation catalyst a binding motif that is able to orient

the substrate in a specific manner toward the oxidant. This strat-

egy, however, requires at least one appropriate functional group

on the substrate to bind to the recognition motif linked to the

catalyst.14–20 Utilizing this strategy, the Di Stefano and Costas

groups achieved the selective C8/C9 oxidation of aliphatic

ammonium substrates by utilizing the crown-ether-modified

Mn-/Fe(pdp) catalyst 1 (Figure 1A).21,22 They assembled catalyst

1 by merging the well-established tetradentate iron and manga-

nese aminopyridine complexes 2 and 3, which have emerged as

superior catalysts for the oxidation of non-activated C–H

bonds,5,23 with an ammonium-binding crown ether motif. This

constituted a major achievement given that the selective oxida-

tion of unactivated positions far away from functional handles
rch 13, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Nonheme C–H oxidation catalysts

(A) State-of-the-art nonheme C–H oxidation catalysts 1–3.

(B) Supramolecular catalyst 4 is capable of oxidizing C(5)–H bonds on aliphatic substrates devoid of functional handles.
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remains a largely unsolved challenge. Following a similar

approach but utilizing a tweezer binding motif, our group re-

ported the preferential oxidation of the deactivated C3/C4 posi-

tion of aliphatic ammonium substrates.24,25

However, the site-selective C–H oxidation of linear alkanes

devoid of functional groups has not been achieved. Even in the

broader field of C–H functionalization, the site-selective derivati-

zation of unfunctionalized linear alkanes still poses a great chal-

lenge.26 The Hartwig group reported the C1-selective borylation

of alkanes.27 In a further landmark achievement, the Davies

group succeeded in the highly C2-selective carbene insertion

of aryl diazoacetates into linear alkanes by employing a bulky dir-

hodium catalyst.28 The utilization of even bulkier catalysts re-

sulted in the preferential oxidation of the even less reactive termi-

nal C1 position.29

Here, we report that the supramolecular catalystMn(mcp)-RS2

enables the preferential oxidation of C(sp3)–H bonds at the fifth

position from the less hindered side on aliphatic substrates

devoid of functional handles (Figure 1B).

RESULTS AND DISCUSSION

Control of site selectivity was achieved through the construction

of catalysts equipped with a recognition motif able to bind sub-

strates, mainly because of the solvophobic effect and potentially

also dispersion interactions, to enable interactions independent

of specific functional groups.30–32 This seems extremely chal-

lenging in organic solvents required for state-of-the-art C–H

oxidation catalysts, such as 1–3. However, the Diederich group

demonstrated that the solvophobic effect in trifluoroethanol

(TFE), a solvent of choice for C–H oxidations,33 is very close to

the hydrophobic effect in water.34 They showed that the empir-

ical solvent polarity parameter ET correlates very well with the

binding strength of apolar guests. Although TFE (normalized

ET
N = 0.898) is already quite close to water (ET

N = 1.00),

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), another solvent of
2 Chem 11, 102442, March 13, 2025
choice for C–H oxidations,33 approximately matches the solvo-

phobic effect of water according to this parameter.35 Thus, the

binding of apolar substrates in suitable binding motifs is facili-

tated similarly in these fluorinated solvents (solvophobic effect)

and water (hydrophobic effect). We demonstrate that this bind-

ing can be translated to site-selective C–H oxidation.

The catalyst design consists of a Mn(mcp) (3) oxidation

core36,37 to which two resorcin[4]arene (RS) recognition motifs

are attached on the pyridine 5 positions. The RS motif was cho-

sen because it is suitably sized to bind methyl groups.38 Its syn-

thesis started from the literature-known methyl-RS (5; Scheme

1),39 which was subjected to mono-bromination, followed by

installation of the methylene bridges at the phenol moieties to

deliver bromide 6. Subsequent Miyaura borylation and Suzuki

cross-coupling with 7 yielded aldehyde 8. Reduction with so-

dium borohydride and Appel bromination with N-bromosuccini-

mide (NBS) resulted in benzylic bromide 9. Finally, double alkyl-

ation of diamine 10 yielded ligand 11, which gave the catalyst

Mn(mcp)-RS2 (4) after coordination with Mn(OTf)2. Crystals suit-

able for X-ray diffraction analysis were obtained via vapor diffu-

sion and slow evaporation techniques, revealing the arrange-

ment of the RS binding pockets toward each other in a slightly

twisted conformation.

With catalyst 4 in hand, we started the oxidation experiments by

utilizing octane as a substrate that, according to molecular

modeling (see Figure S45), was of suitable length to bind to both

recognition pockets. We explored slightly modified standard

oxidation conditions22 (1.0 mol % catalyst, 22 equiv acetic acid

[AcOH], 2.0 equiv H2O2 in MeCN or 1.0 equiv H2O2 in fluorinated

alcohols, ice bath, 1 h). To facilitate analysis, we oxidized

the initially formed oxidation products (mainly alcohols) with

2-iodoxybenzoic acid (IBX) to ketones (see Scheme 2 and supple-

mental information section ‘‘general oxidation procedure’’ for de-

tails). Although the ketone products dominated in all cases,

two further oxidation products,40 esters and epoxides, were iden-

tified (see Scheme 2 and supplemental information section



Scheme 1. Synthesis route of catalyst 4
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‘‘identification of all oxidation products of octane (S2)’’ for details;

the results of catalyst 4 are highlighted in bold). The bottom left of

Scheme 2 describes the C4 selectivity, and the right shows con-

version and yield (see Figure S4 for a visual depiction). As ex-

pected, in acetonitrile, a solvent of relatively low polarity (ET
N =

0.460),35 the C4 selectivity for supramolecular catalyst 4 (31%)

was nearly identical to that of control 3, devoid of recognition mo-

tifs (30%;Scheme2 entry 1,MeCNcolumn). However,whenmov-

ing to the much more polar fluorinated alcohols, we observed a

significant increase in C4 selectivity: 41% in TFE, 46% in HFIP,

and 52% in nonafluoro-tert-butyl alcohol (NFTBA). Importantly,

as expected, the site selectivity for unsubstituted control catalyst

3 was not influenced by solvent polarity. These initial results sup-

ported our hypothesis that the solvophobic effect is important for

substrate binding in the cavity created by catalyst 4.

Next, we varied the acid additive, which has been demon-

strated to have a pronounced influence on C–H oxidation selec-

tivity.42,43 Although the acid size did not significantly influence

the C4 selectivity in acetonitrile (Scheme 2 entries 1–4, MeCN

column), we observed an interesting finding in TFE. The C4

site selectivity increased substantially with acid bulkiness:

41% with AcOH, 62% with propanoic acid (PA), 71% with

2-methylpropanoic acid (2-Me-PA), and 79% ± 1.6%with 2,2-di-

methylpropanoic acid (2,2-DiMe-PA). We repeated the experi-

ment five times to judge the reproducibility of these values. Sur-

prisingly, the influence of the acid additive was weaker for HFIP

(46% / 67% C4 selectivity) and completely absent in NFTBA.

We suspect that the bulky acid helps in creating a more encom-

passing cavity around the catalytically active center to improve
substrate binding and thus selectivity in TFE. Analysis of the

amount of ester side products formed seemed to indicate that

themore polar solvents (HFIP and especially NFTBA)more effec-

tively compete with the carboxylic acid additive for binding to the

active site and thus potentially reduce the selectivity effect of the

carboxylic acid (see supplemental information section ‘‘investi-

gations on the role of the carboxylic acid additive and fluorinated

alcohols’’ for details).

Next, we assessed whether the observed site selectivity could

be rationalized computationally. Thus, we conformationally

optimized catalyst 4 (geometry based on the X-ray structure)

binding octane by using the global optimizer algorithm

(GOAT; ORCA Manual 6.0, xTB-GFN2 method, ALPB [WATER]

solvation model). We employed this structure to initialize a

Born-Oppenheimer molecular dynamics (MD) simulation ac-

cording to the xTB-GFN2 method (see supplemental informa-

tion, computational part).44–47 The analysis revealed that over

the simulation time period of 40 ps, the central C atoms, C4 =

C5, (1) were on average closest to the reaction site (see Fig-

ure S46) and (2) displayed the absolute shortest (Mn=)O–C dis-

tances and thus the most likely ones to be oxidized.

We performed the following control experiments to assess the

catalyst design of 4. First, we explored the separation of the

recognition motif (12) from oxidation catalyst 3 (Figure 2, gas

chromatography [GC] chromatogram B). We observed the

same site selectivity as displayed by the unsubstituted catalyst

3 itself (A). Second, the mono-functionalized catalyst Mn(mcp)-

RS1 (13, C), carrying only one RS binding motif, exhibited

some enhanced C4 selectivity (53%) but failed to reach the
Chem 11, 102442, March 13, 2025 3



Scheme 2. Oxidation of octane: General reaction overview and condition optimization

General reaction conditions: 1.0 mol % catalyst, 22 equiv carboxylic acid, 1.0 equiv H2O2, ice bath, 1 h; followed by IBX oxidation to convert alcohol products to

ketones.
aSite selectivity of carbon (Cx) calculated as the GC yield of a particular ketone (adjusted with the calculated response factor25,41)/total GC yield of all mono-

ketones. Oxidation selectivities of catalysts 3 and 4 are displayed as gray and red spheres, respectively.
bConversion calculated on the basis of the remaining substrate.
cGC yield equals the sum of all mono-ketones.
d2.0 equiv of H2O2. Further details regarding the C–H oxidation procedure in MeCN can be found in supplemental information section ‘‘general oxidation pro-

cedure.’’
e±6.6 (standard deviation).
f±5.2.
g±4.2.
h±4.3.
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79% selectivity of the fully functionalized catalyst 4 (D). These

control experiments confirmed (1) that a covalent attachment

of the recognition motifs is required and (2) that both recognition

motifs contribute to the selectivity observed.

Subsequently, we explored the scope of the reaction. We

studied a series of linear alkanes and 1-halo alkanes of varying

lengths (S1–S15; Figure 3). For all examples investigated, we

observed that the oxidation with supramolecular catalyst 4 pref-

erentially took place at the fifth position in the chain (highlighted

by a red solid sphere in Figure 3, counting from the carbon/

halogen atom marked with a gray circle; for a more detailed vi-

sual depiction of the selectivities, see supplemental information

section ‘‘substrate scope and detailed oxidation results’’). In

comparison with reference catalyst 3, alkanes S2, S7, and S12

showed the biggest selectivity increase in percentage points.

Next, we investigated branched alkanes S16–S18. Again, we

observed preferred oxidation at the fifth position from the less

hindered side, except that S18 featured a tertiary C–H bond

adjacent to this position (vide infra). For S16, the tertiary C–H

bond at C3 was oxidized preferentially (63%) by 4, whereas

reference catalyst 3 favored C2 (52%) over C3 (23%). This

finding shows that catalyst 4 is capable of distinguishing be-

tween two adjacent tertiary C–H bonds. The intrinsic reactivity

of C–H bonds48 was overridden in the case of S17, where the

less reactive secondary C(5)–H bond (46%) was preferred by 4

over the more reactive tertiary C(2)–H bond (21%). In compari-

son, catalyst 3 favored C2 (45%) over C5 (12%). Substrate S18

is interesting because it features an electronically deactivated

tertiary C(3)–H bond (Figure 3, dashed red circle). This makes
4 Chem 11, 102442, March 13, 2025
the remote tertiary C(7)–H bond the favorable one for electro-

philic catalysts,48 such as 3 (C7: 96%; C3: 4%). Despite having

the same core, 4 was capable of overriding its core’s intrinsic

bias and oxidized the C3 position preferentially (57%). Interest-

ingly, no oxidation of the secondary C(4)–H bond on the fifth po-

sition of S18was apparent, most likely because of its close prox-

imity to the more reactive tertiary C–H bond on C3.

Finally, we explored a cyclic substrate, trans-p-menthane

(S19). Again, 4 exhibited enhanced selectivity toward C4 (Fig-

ure 3, fifth position from the gray circle). The selectivity observed

(49%) for the sterically highly congested medial C4 position was

impressive given that the regular, non-modified catalyst 3 dis-

played only 4% selectivity for this site.

In conclusion, we have developed catalyst 4, which enables

substrate binding primarily through the solvophobic effect and

possibly dispersion interactions rather than relying on specific in-

teractions of functional groups. This approach is only feasible in

fluorinated solvents, such as TFE. This solvent displays a solvo-

phobic effect close to the hydrophobic effect of water but, in

contrast to water, is compatible with the oxidation process. Cata-

lyst 4 directed C–H oxidations to the fifth position on the chain of

alkane substrates. This is noteworthy because such positions

cannot be addressed with state-of-the-art oxidation catalysts.

Even in the broader field of C–H functionalization, the functionali-

zation of such a position on linear alkanes is unprecedented. The

usage of a bulky carboxylic acid additive improved the selectivity

substantially, most likely because of the creation of a more en-

compassing binding site. As expected, no significant product in-

hibition was observed. With 1 mol % of the supramolecular
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catalyst, conversions in the range of 60%–70% were typically

observed. The lack of significant product inhibitionwasmost likely

due to the higher polarity of the oxidized products than of the sub-

strates, which reduced their solvophobic binding strength. This

study opens up new horizons for the site-selective C–H oxidation

in hydrocarbon skeletons that lack functional handles, which have

traditionally been required for directing C–H oxidation away from

the intrinsically most reactive sites.

METHODS

General C–H oxidation procedure in fluorinated alcohols:

(1) According to a modified literature-known procedure,24 a

solution of carboxylic acid additiveA in fluorinated alcohol

B (2.0 M, 200 mL, 407 mmol, 22 equiv unless specified

otherwise) and substrate Sx (18.5 mmol, 1.0 equiv) were

added to a 2.0 mL vial charged with catalyst [M]

(1.0 mol %) and a stirring bar. The mixture was cooled
in an ice-water bath. Next, a solution of H2O2 (50 wt %

diluted in solvent B, 0.9 M, 20.6 mL, 18.5 mmol, 1.0 equiv

unless otherwise specified) was slowly added over

15 min via a syringe pump. The reaction mixture was

stirred for a further 45 min. Subsequently, H2O (1.5 mL)

and a solution of biphenyl in ethyl acetate (92.5 mM,

40 mL, 3.70 mmol, 0.20 equiv) were added. The mixture

was extracted with ethyl acetate (2 3 1.5 mL), and the

combined organic layers were washed with a saturated

solution of NaHCO3 (2.0 mL), followed by H2O (2.0 mL),

dried over Na2SO4, and filtered through a silica plug.

The mixture was analyzed via GC and GC-mass spec-

trometry (GC-MS).

(2) To facilitate analysis, we performed subsequent oxidation

of the alcohol products to ketones with IBX: 0.5 mL of the

crude mixture (ca. 3.0 mL) was added to a 2 mL vial

charged with IBX (3.50 mg, 12.5 mmol) and a stirring bar.

The vial was sealed with a Teflon tap, and the mixture

was heated to 66�C (temperature of the aluminum heating

block) for 16 h. After cooling down to room temperature,

the mixture was filtered through a silica plug, and the

vial was rinsed with ethyl acetate (2 3 1.0 mL). GC and

GC-MS analyses were conducted.

Further details regarding the C–H oxidation procedures can be

found in the supplemental methods (supplemental information

section ‘‘oxidation studies’’).
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H oxidation studies, etc., are described in the supplemental information. Crys-
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Figure 3. Substrates investigated in this work

S, site selectivity (on carbon Cx, given in %); conv, conversion; Y, yield. The fifth position is highlighted by the red solid sphere counting from the end(s) marked

with a gray circle.
aC1 according to the International Union of Pure and Applied Chemistry (IUPAC).
b5.0 equiv of acid used.
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