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Abstract

We introduce an organocatalytic approach for oxaziridinium-mediated C—H hydroxylation that
employs secondary amines as catalysts. We also demonstrate the advantages of this operationally
simple catalytic strategy for achieving high yielding and highly selective remote hydroxylation of
compounds bearing oxidation-sensitive functional groups such as alcohols, ethers, carbamates, and
amides. By employing hexafluoroisopropanol as the solvent in the absence of water, a proposed
hydrogen bonding effect leads to, among other advantages, as high as =299:1 chemoselectivity for
remote aliphatic hydroxylation of 2° alcohols, an otherwise unsolved synthetic challenge normally
complicated by substantial amounts of alcohol oxidation. Initial studies of the reaction mechanism
indicate the formation of an oxaziridinium salt as the active oxidant, and a C—H oxidation step
that proceeds in a stereospecific manner via concerted insertion or hydrogen atom transfer/radical
rebound. Furthermore, preliminary results indicate that site selectivity can be affected by amine
catalyst structure. In the long term, we anticipate that this will enable new strategies for catalyst
control of selectivity based on the abundance of catalytic scaffolds that have proliferated over the
last twenty years as a result of Nobel Prize-winning discoveries.
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INTRODUCTION

Selective hydroxylation of inert C—H bonds continues to receive increasing attention from
the organic chemistry community due to the promise of dramatic improvements in synthetic
efficiency and rapid optimization of drugs and materials via late-stage functionalization.!
Therefore, the development of new strategies and methods to accomplish such reactions,
particularly those that enable progress toward the goal of catalyst-controlled selectivity,

is highly valued. In this context, catalytic atom-transfer C(sp®)—H oxidation, in which a
metal-0xo or an organic oxidant, such as an oxaziridine,? is generated from an appropriate
catalyst has been actively pursued and has shown considerable promise for this purpose.
Early examples of metal-catalyzed processes from several groups focused on the use of
bioinspired Fe and later Mn complexes, or on catalytic access to other high-valent metal-
oxo species known to hydroxylate C—H bonds when used as stoichiometric oxidants.3
Concurrently, organocatalytic methods using benzoxathiazine catalysts such as 1lato

access oxaziridines capable of C—H hydroxylation were developed by Du Bois (Figure

1).4 In comparison to metal-catalyzed methods, organocatalysis is underexplored, despite
its potential complementarity and advantages in certain scenarios, such as late-stage
oxidation in pharmaceutical synthesis, where even trace amounts of metal impurities can

be problematic.®> We have established a research program focused on identifying new
organocatalytic methods for atom-transfer C-H functionalization,® and as part of these
efforts have developed the first examples of ketone-catalyzed’ and iminium-catalyzed® C-H
hydroxylation, which generate dioxiranes and oxaziridinium salts, respectively, as the active
oxidant. We anticipate that these platforms could be complementary to metal-catalyzed

and enzymatic methods in addressing longstanding challenges in catalyst control of site
selectivity,® enantioselectivity,10 and chemoselectivity.1!
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Notwithstanding the promise of ketone and iminium catalysis, we envisioned a next-
generation organocatalytic C—H hydroxylation method based on the concept of amine
organocatalysis.12 Although the use of secondary amines as catalysts for LUMO or HOMO
activation of aldehydes and ketones via iminium or enamine formation is well established,
there is potential synergy with iminium organocatalysis of atom-transfer reactions that is
underexplored. Employing a combination of an amine catalyst and an aldehyde or ketone

in the presence of an oxidant can result in three-component formation of an oxaziridinium
salt (Figure 1). In the only prior example of this concept, Yang has demonstrated proof

of principle of this idea for oxaziridinium-mediated epoxidation!314 To the best of our
knowledge, there are no examples of the application of this concept, nor of amine
organocatalysis more broadly, to atom-transfer hydroxylation of unactivated C—H bonds.
As part of our ongoing interests in this area, we have initiated an effort to explore the utility
of amine catalysis of C—H oxidation in both intermolecular and intramolecular contexts. One
appealing advantage of this approach compared to prior oxaziridinium-mediated oxidations
is the abundance of privileged amine catalyst scaffolds and other commercially available
secondary amines, which could facilitate a more rapid and diverse exploration of catalyst
control of selectivity compared to dihydroisoquinolinium catalysts based on 1c (Figure 1).

Herein, we describe the first examples of amine catalyzed atom-transfer C—H hydroxylation.
In addition to establishing the feasibility of this catalytic approach, we also demonstrate that
this method enables dramatic increases in chemoselectivity, as well as substantial increases
in yield, in the substrate-limited remote hydroxylation of isolated secondary and primary
alcohols. The remote hydroxylation of methylene C—H bonds selectively to 2° alcohol
products is also possible. In a broader sense, these results also establish a novel platform

for investigation of catalyst control of selectivity in aliphatic C—H oxidation that is poised to
benefit from a wealth of well-studied approaches to amine catalysis.

RESULTS AND DISCUSSION

Remote Hydroylation of Alcohols.

A secondary reason for our interest in amine catalysis of oxaziridinium-mediated reactions
was to explore its potential for remote hydroxylation of alcohols. We had previously
reported, in an oxaziridinium-mediated hydroxylation using catalyst 1c, the first examples
of chemoselective, remote hydroxylation of unprotected alcohols, which are typically
incompatible with aliphatic hydroxylation due to the lower bond dissociation energies

of C—H bonds a to hydroxyl groups. Evidence based on our report8 and subsequent
studies by others’® suggests that this selectivity is mediated by the reaction solvent,
hexafluoroisopropanol (HFIP), which, as a strong hydrogen bond donor, can deactivate
potential reactive sites proximal to nitrogen or oxygen and thus promote remote
hydroxylation. Even though this solvent effect could in principle be generalized to other
catalyst platforms, to date this has not occurred; very few catalysts have been shown to

be compatible. In addition to our iminium catalyst, chemoselective remote hydroxylation
of alcohols has only been reported using Mn(T"PSmcp).152 Secondary alcohols pose a
greater chemoselectivity challenge than primary alcohols, which has only been addressed
for polyhydroxylated substrates, particularly 1,2-diols, wherein H-bonding effects are
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presumably enhanced by the presence of an additional acceptor.16 For mono-ols, prior
reports of remote oxidation of the relatively simple 6-methylheptan-2-ol and related
substrates proceed with low yields and/or selectivities, or employed the oxidant as the
limiting reagent.152 High-yielding, highly site- and chemoselective remote hydroxylation of
isolated secondary alcohols remains an unsolved challenge.

Catalyst Screening and Reaction Development.

Accordingly, we initiated our studies by investigating the hydroxylation of 6-
methylheptan-2-ol (2a) as a model example of a challenging remote oxidation of a 2°
alcohol, using a combination of commercially available secondary amines and aldehydes
(Table 1). At the outset of our investigation, we hypothesized that the HFIP-mediated
chemoselectivity observed in previous reports was likely counteracted by aqueous oxidants
(H205) and other reagents (acetic acid) introducing co-solvent amounts of water into

the reaction conditions, partially disrupting any beneficial hydrogen bonding effects.
Accordingly, we focused on the use of water-free oxidants such as ureasH,0O, (UHP), which
proved well suited to this purpose. Initial studies identified pyrrolidine (as its triflate salt),
paraformaldehyde, and UHP as a promising combination, providing 69% yield of 3a and,
remarkably, 35:1 chemoselectivity, based on isolated yields, for remote hydroxylation over
oxidation of the C2-OH to a ketone (entry 5). Also identified during these studies was the
advantageous use of 1,2-bis(3,5-bis(trifluoromethyl)phenyl)diselanel” in catalytic amounts
to promote the activation of the peroxide (entry 19). Regarding the aldehyde, advantages of
steric size and electrophilicity offered by formaldehyde are apparent. The use of aliphatic or
aromatic aldehydes (entries 11-12) led to reduced yields, although a beneficial influence of
electron-with-drawing groups was noted (entries 13-14).

Despite this initial success, we found that the use of catalytic amounts of pyrrolidine

failed to provide synthetically useful yields of 3a (entry 10). The evaluation of additional
commercially available cyclic and acyclic amines (entries 6-9) led to the identification

of azocanesHOTT as an alternative amine candidate, providing 3ain 74% yield with
chemoselectivity for C6 hydroxylation over secondary alcohol oxidation of 12:1 (as
measured by uncorrected GC peak areas) when used in stoichiometric amounts (entry

8). Despite the lack of notable improvement over the use of pyrrolidine under the same
conditions, the further investigation of azocane as a potential catalyst proved consequential.
When the loading of azocanesHOTT was reduced to 20 mol %, the isolated yield of
3aremained high at 75.9%, but the undesired C2 alcohol oxidation was advantageously
suppressed, resulting in nearly complete chemoselectivity (=99:1) for remote hydroxylation
(Table 1 scheme and entry 1). In this 1 mmol reaction, the remaining mass balance was
completely accounted for, allowing for an extremely accurate assessment of selectivity. In
addition to unreacted starting material (21%) and C2 oxidation product 6-methylheptan-2-
one (5a, 0.7%), a mixture of stereoisomers arising from 2° C-H hydroxylation at C5 (4a,
2.4%) was isolated. Thus, the site selectivity for the C—H bond most remote from the

polar group observed for this reaction (32:1) is also markedly higher than what is typically
observed for aliphatic hydroxylation. A strength of this method also made clear by the
isolation of 4a is a preference for 2° alcohol products of methylene oxidation, presumably
driven by the suppression of overoxidation via H-bonding. Importantly, the remarkable
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chemoselectivity observed is not solely a function of the optimized reaction conditions

but also requires the simultaneous advance of amine catalysis; neither iminium catalyst 1c
nor benzoxathiazine catalyst 1a promote any conversion to products under the optimized
conditions (entries 20-21). Finally, all reagents can be obtained at low cost from commercial
suppliers, except for the diselenide, which is easily prepared in one step on gram scale.l’

Substrate Scope.

Using the optimized reaction conditions, we investigated the scope of substrate-limited
remote hydroxylation of alcohols and other compounds bearing functional groups
potentially susceptible to HFIP deactivation (Figure 2). Continuing our investigation of 2°
alcohols (Figure 2a), we identified early on that the use of 10 mol % of pyrrolidinesHOTf
(catalyst B) was sufficient for high-yielding remote 3° hydroxylation of functionalized
adamantanes bearing 2° alcohols or ethers despite its reduced performance in other cases
(3b-3e). We interpret this as suggesting a beneficial effect of stereoelectronic stabilization
of the reaction center by adjacent C—C bonds in these rigid scaffolds. For these same
examples, high chemoselectivity, as high as 85:1 or greater (3b) based on combined
isolated yield of product and unreacted starting material, was observed. For 2-adamantanol
hydroxylation product 3e, 31:1 chemoselectivity for C1 hydroxylation was accompanied
by 34:1 diastereoselectivity over the competing C7 hydroxylation. For less reactive C—

H bonds, as we had found previously for the hydroxylation of 2a, azocanesHOTf was

the more effective catalyst. In the hydroxylation of menthol (products 3f and 3f") and
cis-4-methylcyclohexanol (product 3g), selectivity for remote hydroxylation was maintained,
although both yields and chemoselectivities were lower in comparison to the hydroxylation
of 2a. We attribute this to the closer proximity of 3° C—H bonds in these molecules to

the unprotected alcohol group, leading to more substantial deactivation of these centers by
propagation of the H-bonding effect, reducing the rate of aliphatic hydroxylation compared
to the competing alcohol oxidation. Proximity to the alcohol can also be used to explain
the approximately 1:1 site selectivity observed for the remote hydroxylation of menthol, in
which the two oxidized 3° C-H bonds in 3f and 3f’ are equidistant from C1.

We also evaluated the oxidation of 3,7-dimethyloctanol and several derivatives as
representative examples of remote hydroxylation of primary alcohols and their
corresponding ethers (Figure 2b). Oxidation of the parent alcohol occurred selectively

at C7 (product 3h) in 79% yield, with no other aliphatic hydroxylation products

(including C3 hydroxylation) present in identifiable amounts by gas chromatography. Both
chemoselectivity and site selectivity for this reaction was determined to be >79:1 based on
a recovered starting material yield of 20%. Trace (z)-dihydrocitronellal was detected by
GC. Regarding ethers, we observed that the chemoselectivity for remote alcohol oxidation
also extends to this class of compounds (products 3i-3k, as well as 3c). This includes
epoxides (3i), which are less sensitive to oxidative conditions but much more sensitive

to acidic and basic environments, highlighting the mild nature of the reaction conditions.
The degree of chemoselectivity for remote hydroxylation compared to hydroxylation of
aC—-H bonds of the ethers remained high, as determined for 3k, which produced a

small but detectable amount of (x)-dihydrocitronellal as a side product. In contrast, we
noted a trend of dramatically reduced site selectivity for oxidation of the ethers versus 3,7-
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dimethyloctanol (e.g. 3j vs 3h). However, the minor products were not C3 3° hydroxylation
products, as would normally be expected,2¢ but rather mixtures of 2° hydroxylation products
at C5 and C6. We attribute the diminished selectivity to a reduced tendency of these
compounds to participate in multiple hydrogen bonds and extended H-bond networks,
potentially influenced by both the lack of a hydrogen bond donor and steric restrictions.
This would explain the retention of high chemoselectivity, mediated by a short-range
inductive effect, which should be less sensitive to diminished polarization compared to the
longer-range effects thought to influence site selectivity. This also accounts for the lack of
C3 hydroxylation, if one presumes that the inductive deactivation is sufficient to overcome
the intrinsic reactivity advantage of the 3° C3 C-H versus 2° hydroxylation at more remote
sites. Pertinent to this latter point is the substantially reduced reaction performance observed
for the remote hydroxylation of isohexanol (3l), which required the use of stoichiometric
pyrrolidineeHOTT to achieve 43% isolated yield of 3° hydroxylation at a site with similar
electron density to the proximal C3 and C4 sites in 3h; only 19% yield was observed for 3l
using catalytic azocane.

Site-selective hydroxylation of methylenic sites to 2° alcohol products rather than ketones,
which typically arise from overoxidation of the more reactive intermediate alcohol in the
absence of substrate-controlled factors, is an unsolved problem.18 In addition to saving a
synthetic step when alcohol products are desired, progress in this direction might ultimately
enable new general methods for enantioselective alcohol synthesis. In this context, we
observe preliminary success for hydroxyl-selective methylene oxidation, as shown by the
examples in Figure 2c. Hydroxylation of alkanes norbornane and cyclohexane occurred in
good yield, providing 3m and 3n with synthetically useful selectivities of 12:1 and 13:1
over the corresponding ketones, respectively, highlighting a reversal of the relative rates of
alcohol versus aliphatic oxidation. Hydroxylation of 2-heptanol, bearing four methylenic
sites in addition to a secondary alcohol, occurred site-selectively at the two most remote
positions (30 and 30”). No influence of the distant C2 stereocenter on diastereoselectivity
was observed. The chemoselectivity of 18:1 over alcohol oxidation for this transformation
is notable given the greater challenge associated with remote hydroxylation of a stronger 2°
C-H bond relative to the prior 3° hydroxylation examples.

Finally, the capability of amine catalysis for the remote hydroxylation of amine derivatives
was evaluated. Prior successful strategies to overcome N-oxidation and oxidation of C(a)—
H bonds of amines and their derivatives, such as amides, rely on temporary blocking

of reactive sites via amine or imidate salt formation, respectively.11 As shown in Figure
2d, amine- catalyzed hydroxylation in HFIP removes the need for covalent modification

of amides in order to achieve remote hydroxylation (product 3p).1%2 Imides are also
tolerated with similarly high site selectivity for remote 3° hydroxylation (3q). The mild
reaction conditions of this method, along with the lack of requirement for strong acids

or electrophiles for functional group deactivation, are highlighted by the tolerance for the
popular but acid sensitive Boc protecting group (products 3r and 3s). The modest yield
observed for hydroxylation of a (-)-threonine derivative (3s), along with the low yield
observed under the catalytic conditions, belies the challenge associated with simultaneously
avoiding alcohol oxidation and hydroxylation adjacent to the carbamate. In this example,
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chemoselectivity for remote aliphatic hydroxylation in the presence of both the carbamate
and 2° alcohol was =99:1 based on combined isolated yields of all products when 1
equivalent of pyrrolidineeHOTf was used.1?

Amides having direct pharmaceutical relevance were also evaluated as preliminary
examples of late-stage API functionalization (Figure 2e). Using either azocanesHOTT or
pyrrolidinesHOTT as the catalyst, hydroxylation of an A-acetyl derivative of memantine,
used as a treatment for dementia, 29 occurred chemoselectively at the 3° C—H bond and in
high yield, providing 3t. The high chemoselectivity over 2° alcohol oxidation also extends
to the memantine system, as shown by product 3u. In this case, the combined yield of

3u and recovered starting material was 100%, indicating that the reaction proceeded with
>99:1 chemoselectivity and site selectivity. Finally, the scalability of any new reaction is

a key determinant of potential applications in synthesis. On the highest scale evaluated

(1 gram), we were delighted to observe that reaction performance in fact improves, with
remote hydroxylation of 2h proceeding in higher yield (84%) and with effectively complete
chemoselectivity for remote hydroxylation (=99:1, Figure 2f).

Catalytic Cycle and Preliminary Mechanistic Studies.

Two highlights of this method are its operational simplicity and superior results for remote
alcohol oxidation. With proof of concept for this catalytic approach established, there is also
long-term potential for development of catalyst-controlled selectivity based on structural
modifications to the amine. In support of this potential, we have obtained preliminary
evidence that site selectivity is dependent on amine structure. As shown in Figure 2d,
hydroxylation of 2q using 20 mol % azocanesHOTT provides 3° alcohol 3q in 50% vyield.
The other products isolated from this reaction are an inseparable mixture of 2° alcohols 3q”
and unreacted starting material in 4.3% and 45% yield, respectively (Scheme 1). Thus, the
site selectivity for 3° over 2° hydroxylation can be reasonably determined to be 12:1 based
on these isolated yields, with only 0.7% of the reaction mixture unaccounted for. Using

this combined yield of unknowns (0.7%) along with the combined yields of 3q and 3q’,
chemoselectivity for aliphatic hydroxylation over any other possible reactions is calculated
to be =78:1. When using an equivalent amount of pyrrolidinesHOTT instead, but maintaining
reaction conditions otherwise the same, the site selectivity based on isolated yields of 3q
(30.3%) and 3q” (8.4%) is 3-fold lower at 3.6:1, with only 2.3% of the material unaccounted
for. This difference in site selectivity is also consistent with spectroscopic analysis of the
unpurified reaction mixtures. Therefore, we can conclude that changes in amine structure
alone are responsible for the differences in hydroxylation selectivity.

To aid in the future design of amine catalysts to build on these results, we have developed

an initial proposal for the operative catalytic cycle, as shown in Figure 3A. The control
experiments shown in Table 1 indicate that both the amine (as its triflate salt) and
paraformaldehyde are required to observe any product formation. As previously noted, the
diselenide is not strictly required for the reaction to proceed, but its presence is necessary to
observe the highest possible yields. Consistent with these observations, we presuppose the
formation of iminium salt | from the amine and aldehyde. In the presence of H,O5, seleninic
acid 111 is known to form rapidly from the diselenide and undergo further oxidation to
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perseleninic acid 'V, which we propose oxidizes the iminium salt to oxaziridinium 11,421
performing better in this regard than H,O5 alone. From there, the oxaziridinium is reduced
back to iminium | upon O-atom transfer to the substrate. Iminium | is a potential catalyst
resting state that can be re-oxidized to I I, but can also regenerate the amine salt upon
hydrolysis, as has been clearly established in the organocatalysis literature.122.0

To further investigate the mechanism of the C—H hydroxylation step, we performed
hydroxylation reactions of c/s- and trans-1,2-dimethylcyclohexane (Figure 3B) to evaluate
stereo-specificity. In each case, hydroxylation occurred with complete retention of
stereochemistry. This suggests the likelihood of a concerted insertion or HAT/radical
rebound oxidation mechanism mediated by I, not unlike that proposed for the closely
related dioxiranes.22 In addition to revealing aspects of mechanism, this fulfills an important
prerequisite for pursuing enantioselective transformations.

Finally, we propose a rationalization of the relative effectiveness of cyclic amine catalysts
as a function of ring size (Figure 3C). Combined yields of all products, which display

an inverse relationship to starting material consumption, for hydroxylation of 2a exhibit a
positive correlation with increasing ring strain of the amine (Table 1). For the ring sizes

in question, ring strain itself arises from a larger contribution of torsional and transannular
strain relative to angle strain, and by extension an increasing preference for sp? relative

to sp hybridization of at least one atom.23 This points to the potential importance of sp3
to sp? re-hybridization during the rate-determining step, though it may also be relevant to
key off-cycle processes. Regarding the former, this would be consistent with cleavage of
the N-O bond of |1, in the proposed HAT or concerted insertion step, occurring during the
RDS. Overall, this may explain the superior performance of the eight-membered azocane,
which to our knowledge has never been identified as a preferred amine catalyst for any
transformation, in this reaction.

CONCLUSIONS

In summary, we have reported the first examples of amine-catalyzed C-H oxidation,

which relies on readily available commercial or easily-prepared reagents. This protocol

is particularly well suited to the remote hydroxylation of compounds bearing oxidation-
sensitive functional groups. In addition to high average yields observed for the
hydroxylation of primary alcohols and amine derivatives, a considerable advantage of this
process for the chemoselective remote hydroxylation of secondary alcohols (up to 99:1 or
greater) was identified. Furthermore, the process allows for the selective hydroxylation of
methylene C—H bonds to secondary alcohols rather than ketones, is effective for selective
late-stage hydroxylation, and can be performed on gram scale. Based on our initial
evaluation, the mechanism of the process likely involves in situ formation of an iminium
salt that is subsequently intercepted by an oxidant to form an oxaziridinium, which then
reacts with the substrate in a radical rebound or concerted insertion O-atom transfer step. We
believe that a key to the success of this process may be ring strain-driven rate enhancements
of C-H functionalization, which explains trends observed for different amine catalysts. In
addition, we have established that the degree of site selectivity can be dependent on choice
of amine catalyst. This provides a basis for future efforts in the design of amine catalysts
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to address unsolved challenges in catalyst control of site selectivity and stereoselectivity.
Overall, we believe these combined attributes will foster interest for applications spanning
academic and industrial pursuits, particularly for applications in drug discovery, where
functional group tolerance and other selectivity concerns are prominent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Prior work in organocatalytic C—H hydroxylation
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substrate limited; avg. yield 60% across 23 examples

H OH tolerant of 2° and 1° alcohols, ethers, amides, carbamates, imides
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R2 chemoselectivity up to 99:1 or greater
site selectivity up to 99:1 or greater

hydroxylation site shown in blue
preexisting functionality shown in red

(b) substrate scope: 1° alcohols and ethers
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(f) gram-scale reaction
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Scope of amine-catalyzed remote hydroxylation. Isolated yields are provided apart from
3n, which was assayed by gas chromatrography using dodecane as an internal standard.
Selectivities that are reported as precise ratios based on isolated yields of the relevant major
and minor products, are based on NMR analysis of inseparable product mixture, or are
based on GC analysis of the crude reaction mixture with the use of an internal standard and
comparison to authentic samples. Selectivities that are reported as minimum ratios (e.g. 3b
at > 85:1 chemoselectivity) are provided when the relevant products (i.e. alcohol oxidation
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products or alternative oxidation sites) were not observed, and are provided as ratios of the
major product to the unrecovered mass balance of the reaction. See Supporting Information
for details.
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A. Proposed catalytic cycle
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Proposed catalytic cycle and preliminary mechanistic studies. 2Hydroxylation of 2w using
catalyst B (pyrroldinesHOTT) also provides exclusively 3w, but in lower yield. GC yield of

3v and isolated yield of 3w are reported.
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