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Abstract: A novel class of hydrogen-atom transfer (HAT) catalysts
based on the readily available and tunable 1,4-
diazabicyclo[2.2.2]octane (DABCO) structure was designed, and their
photoinduced HAT catalysis abilty was demonstrated. The
combination of the optimal HAT catalyst with an acridinium-based
organophotoredox catalyst enables highly efficient and site-selective
C-H alkylation of substrates ranging from unactivated hydrocarbons
to complex molecules. Notably, a HAT catalyst with additional
substituents adjacent to a nitrogen atom further improved the site-
selectivity. Mechanistic studies suggested that the N-substituent of
the catalyst plays a crucial role, assisting in the generation of a
dicationic aminium radical as an active species for the HAT process.

The direct functionalization of carbon—hydrogen (C-H) bonds is a
powerful strategy to achieve the facile synthesis of functional
materials and pharmaceutical compounds in step- and atom-
economical manners. Hydrogen-atom transfer (HAT) is a
promising approach in this area, and the recent progress that has
been made by combining HAT with photochemistry has enabled
diverse functionalizations of C-H bonds that are difficult to
activate by the classical methodologies.*? In order to predict the
feasibility and selectivity of HAT catalysis, the bond dissociation
energies (BDEs) of both the substrate and the catalyst are crucial
thermodynamic parameters.P! Additionally, several kinetic factors
(i.e., polarity and steric hindrance) also largely affect the reaction
outcome.™ In some cases, these kinetic factors arising from the
structure of the HAT catalyst can overcome the thermodynamic
preference to determine the site-selectivity, although only a few
examples have been reported so far.®! Hence, the development
of novel HAT catalysts with different structural characteristics is
important to expand the potential of HAT catalysis. !
Nitrogen-centered radicals are one type of attractive species
that can be used for the HAT process.l’l Among them, tertiary
amine-derived cationic aminium radicals have recently been
gaining attention as efficient HAT mediators.¥l The highly
electrophilic nature of these radicals enables the selective
abstraction of a hydrogen atom from hydridic C-H bonds. While
aminium radicals derived from quinuclidine and its derivatives
have been used for efficient HAT from substrates bearing C-H
bonds adjacent to a heteroatom,® the more electrophilic
dicationic aminium radical derived from Selectfluor® can even
abstract hydrogen atoms from the unactivated C-H bonds of
hydrocarbons (Figure 1A).1" Moreover, these methods sometimes
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Figure 1. Generation of dicationic aminium radicals for HAT processes.

show unique site-selectivity among C-H bonds with similar
BDEs.[! Despite these attractive features, the use of dicationic
aminium radicals as HAT mediators has been limited to
fluorination and a few other oxidative transformations, as this
radical is mainly generated in situ from a (supra)stoichiometric
amount of Selectfluor®, which is known as a fluorine-atom transfer
reagent and/or a strong oxidant.*Y Thus, the utility of this type of
radicals in HAT catalysis under milder, redox-neutral conditions
has not been explored. Herein, we describe a novel method for
the catalytic use of dicationic aminium radicals in a photoinduced
HAT process. The efficient generation of a dicationic aminium
radical via single-electron transfer (SET) from monocationic
tertiary amine 1 was achieved by using an organic photoredox
catalyst under visible-light irradiation (Figure 1B). This method
was successfully applied for the site-selective C—H alkylation of a
wide range of substrates, including natural products and bioactive
molecules.

We commenced our study by synthesizing 1 with a series of
substituents at the quaternary ammonium moiety (Table 1). One
of the advantages of the present approach is the facile and
modular synthesis of the catalyst structure: 1 can be prepared
from inexpensive 1,4-diazabicyclo[2.2.2]octane (DABCO) and
various alkyl/benzyl halides without purification by column
chromatography (see the Supporting Information). The efficiency
of compounds 1 as HAT catalysts was then evaluated by applying
them to the photoinduced C-H alkylation of cyclohexane with
benzalmalononitrile (2) as a radical acceptor in the presence of
acridinium photoredox catalyst (Mes-Acr*) under irradiation by a
blue light-emitting diode (LED).'? The reaction with N-
chloromethyl-substituted derivative 1a, which forms the same
dicationic aminium radical as Selectfluor® after the SET process,
afforded the alkylated product 3 in low yield (entry 1). We found
that changing the N-substituent to a benzyl group improved both
the conversion of 2 and the yield of 3 (entry 2). Although the steric
profile of the N-substituent of the catalyst is not likely to affect the
efficiency of the HAT process, as it is located at the back side of
the catalytic center, we speculated that the structure of the N-
substituent would be associated with the efficiency of the SET
process between 1 and the photoredox catalyst to generate the
active radical species. Thus, other catalysts bearing a variety of



Table 1: Screening of HAT catalysts for C-H alkylation with 2.
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[a] Reactions were carried out using C-H substrate (0.60 mmol), 2 (0.20
mmol), Mes-Acr* (5.0 mol%), and 1 (10 mol%) in degassed MeCN (2.0
mL) under light irradiation (blue LED, 448 nm) at 25 °C for 11 h. [b] Mixture
of regio- and diastereoisomers. [c] Conversion and yield were determined
by *H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

N-substituents were also investigated to find a more suitable
catalyst structure. Fortunately, tertiary amines bearing 4-
methoxyphenyl- (1c), 4-biphenyl- (1g), and 1-naphthyl (1h)
groups exhibited high catalytic activity to furnish 3 in excellent
yields (entries 3, 7, and 8). In contrast, catalysts with highly
electron-rich (1d) or electron-deficient (1e-f) benzylic moieties
showed unsatisfactory results (entries 4-6). Next, the three
catalysts (1c, 1g, and 1h) with high catalytic activity toward
cyclohexane were tested using pentane as a representative
acyclic hydrocarbon substrate to determine the optimal catalyst
structure (entries 9-11). While catalysts 1c and 1g showed
incomplete conversion of 2, the use of 1h led to full conversion of
2 with a nearly quantitative yield of 4.

Having determined the optimal catalyst structure, the
substrate scope for the photoinduced C-H alkylation was
investigated (Figure 2). In general, a broad range of C-H
substrates were applicable for reaction with 2 catalyzed by 1h to
provide the corresponding alkylated products in good to excellent
yields. Cyclic hydrocarbons other than cyclohexane gave the
desired products 3 and 5 almost quantitatively. Cyclododecane
was also applicable in this protocol, although its relatively low
solubility in acetonitrile slightly lowered the yield of 6. Acyclic
hydrocarbons such as pentane and isopentane afforded a mixture
of regio- and diastereoisomers of the alkylated products with
excellent combined yields. Despite the fact that the C—H bond of
toluene is much weaker (BDE = 89 kcal/mol) than those of
hydrocarbons such as cyclohexane (BDE = 99 kcal/mol), a
greater amount of toluene was required to achieve a sufficient
yield of 8. Various compounds with hydridic C—H bonds adjacent
to a heteroatom, such as alcohols, ethers, aldehydes, and a
protected amine, were found to be suitable substrates for the
present HAT catalytic system, affording the desired products
9-14 in good to excellent yields. Specifically, while the a-C-H
alkylation of alcohols catalyzed by quinuclidine derivatives often
requires co-catalysts to weaken the target C—H bond, 3 using our
method based on a highly electrophilic aminium radical, the
reactions proceeded smoothly to furnish the desired products 9
and 10 without the assistance of any co-catalyst. Moreover, the
present system was applicable to an a,B-unsaturated aldehyde;
this class of aldehyde is less explored as substrates for HAT
catalysis compared with aliphatic and aromatic aldehydes.*4 In
this case, catalyst 1c gave a slightly better yield of the desired
product 13 than 1h. In addition to the various C—H substrates, the
use of several electron-deficient olefins as radical acceptors was
also investigated. The alkylation of cyclohexane with dimethyl
fumarate, diethyl benzylidenemalonate, 11-
bis(phenylsulfonyl)ethylene, and ethyl coumarin-3-carboxylate
proceeded to give the corresponding products 15-18 in moderate
to high yields. Although the use of simple acrylates resulted in low
yields of the alkylated products, we found that 1,1,1,3,3,3-
hexafluoroisopropyl acrylate worked well to afford 19, which was
directly transformed into benzyl ester 20 or benzyl amide 21 in
one-pot fashion (see the Supporting Information).

Subsequently, substrates containing more than two potentially
reactive C—H bonds were explored to evaluate the site-selectivity
of the C-H alkylation using the developed dicationic aminium
radical. After an extensive study, we found that HAT preferentially
takes place from the less sterically hindered C—H bond rather than
the more hindered C-H bond in the same ether substrate. For
instance, 2-methyltetrahydrofuran  successfully underwent
selective HAT at the secondary etheric C-H bond using 1h to
afford the alkylated product 22. Notably, the potential product
derived from alkylation at the tertiary etheric C-H bond with the
weakest BDE was not detected at all. The HAT alkylation of 3-
methyltetrahydrofuran also proceeded selectively to furnish 23
along with a small amount of minor regioisomers (r.r. = 10:1). As
a notable example, 1-phenylethyl methyl ether has two etheric
C-H bonds, one of which is further activated by the adjacent
phenyl group. Nevertheless, the reaction using 1h proceeded at
the primary etheric C—H bond to give the product 24 exclusively,
with the weaker benzylic C-H bond remining intact. On the other
hand, the use of cyclopentyl methyl ether as the C-H substrate
led to the formation of 25 with moderate regioselectivity. At this
point, we envisioned that the use of a more sterically demanding
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Figure 2. Scope of the photoinduced C-H alkylation. [a] Combined isolated yields of all the isomers are shown. [b] Regioisomer ratio (r.r.) and diastereomer ratio
(d.r.) were determined by *H NMR of the crude product. [c] With 5.0 equiv of the C-H substrate. [d] Cyclized product was isolated after silica-gel column
chromatography. [e] 1c was used as the HAT catalyst. [f] See the Supporting Information for details. [g] With 20 equiv of the C—H substrate. [h] With 10 equiv of the

C-H substrate.

catalyst would further improve the site-selectivity favoring HAT
at the less hindered primary etheric C-H bond. Thus, the novel
catalyst 1i with an additional substituent adjacent to the nitrogen
atom was synthesized and applied to the same transformation.
As expected, the product of alkylation at the tertiary carbon (C2)
was suppressed, which encouraged us to further investigate 1i
as a superior catalyst to 1h for site-selective HAT alkylation. sec-
Butyl methyl ether also has primary and tertiary etheric C-H

bonds, and its HAT alkylation using 1h gave 26 as the major
product with moderate regioselectivity. The replacement of HAT
catalyst 1h with 1i resulted in a significant increase in
regioselectivity (r.r. = 5.4:1 to 18:1). In addition, p-cymene, which
has both a primary and a tertiary benzylic C-H bond, was
examined as a benzylic substrate for the reaction with 1,1-
bis(phenylsulfonyl)ethylene. The major product 27 derived from
alkylation at the less sterically hindered benzylic C—H bond was
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Figure 3. Photoinduced C-H alkylation of complex molecules. Reactions were carried out using substrate (0.60 mmol), radical acceptor (0.20 mmol), Mes-Acr*
(5.0 mol%), and 1h (10 mol%) in degassed MeCN (1.0 mL) under light irradiation (blue LED, 448 nm) at 25 °C for 11 h.

obtained with good regioselectivity, which was successfully
increased by changing the catalyst from 1h to 1i (r.r. = 7.0:1 to
12:1). Interestingly, Knowles and Alexanian et al. recently
reported that C-H alkylation using the same substrate and
radical acceptor with a phosphate base as a HAT catalyst
exclusively furnished 27°, which results from selective HAT at the
tertiary benzylic C-H bond.' These contrasting results
emphasize the importance of developing novel catalyst designs
for control of the site-selectivity in HAT catalysis.! Although the
structure of 1i was not optimized and its positive effect on the
site-selectivity was still limited, further investigations toward the
development of a more general and highly selective HAT catalyst
are underway in our laboratory. In addition to ether and benzylic
substrates, compounds with unactivated C—H bonds were also
competent substrates for the site-selective C—H alkylation. When
O-benzoyl dihydrocitronellol, which has two tertiary C-H bonds,
was subjected to our method using 1h, the remote and more
electron-rich tertiary C-H bond was selectively alkylated to give
the product 28. In the case of cyclohexanone, 3-C-H alkylation
proceeded to afford 29 with good regioselectivity.

To demonstrate the applicability of our method for the late-
stage functionalization of natural products and biologically active
compounds, the site-selective C-H alkylation of complex
molecules was carried out (Figure 3). Ambroxide and sclareolide,
both of which are representative targets for C—H functionalization
reactions, were well tolerated by the present system to deliver 30
and 31, respectively, with high yields and regioselectivities. L-
Menthol was successfully applied without protection of the
hydroxy group. In this case, the a-C-H bond relative to the
hydroxy group did not react, probably due to the sterically
hindered environment. Instead, the tertiary C—H bond in the
isopropyl moiety was preferentially alkylated to provide 32 in high
yield. While sugar derivatives have multiple reactive C-H bonds
adjacent to oxygen atoms, a suitably protected derivative of
glucofuranose selectively afforded 33 as a single product. Finally,
the polyoxygenated compound isomannide was selectively
alkylated to give 34 in good yield.

To better understand the reaction mechanism, several
experiments and analytical studies were conducted (Figure 4).
Stern-Volmer fluorescence quenching studies confirmed that
only 1h quenches the excited state of Mes-Acr*, and that the
other reaction components do not (Figure 4a). Cyclic

voltammetry (CV) measurement of 1h showed the occurrence of
an ambiguous peak at +1.7 V vs the saturated calomel electrode
(SCE). To obtain more information about the oxidation potential
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y = 0.0098x + 0.9909
R*=0.9876

—2

=
1.06 —e—1h cyclohexane

0 5 10 15 20 0 5 10 15 20
[1h] (mM) [2] or [eyclohexane] (mM)

(b) Cyclic voltammetry studies
O €)

BF, O BF,/ ~Me
(e A7
‘N

A% O -

Ep2 = +2.05 V (vs SCE)

Ep(1h) = +1.7 V (vs SCE) Epz = +1.77 V (vs SCE)

c¢) Calculated N*-H BDE

[NW% &

BDE (1h H) = 106 kcal/mol

4

0

BDE = 99 kcal/mol

(d) Effect of N-substituent
Mes-Acr* (5 mol%)
1j (10 mol%)

naphthalene w
ot i T MecN,25°C CN
blue LED, 11 h Ph
(3.0 equiv) 3
w/o naphthalene 17%

10 mol% naphthalene : 15%
100 mol% naphthalene: trace

Mes-Acr* (5 mol%) CN
O e O\KL - C
+
— CN
e/ &N MeCN, 25°C [ﬁﬁ O
N
1k

BDE = 100 kcal/mol ¢/ [6]

blue LED, 11 h Ph
(3.0 equiv) 2 3
42%

Figure 4. Mechanistic studies.



of 1h, the same measurements were conducted using
naphthalene and the N-ethyl substituted catalyst 1j, which
exhibited the half-peak potentials (Ep-) of +1.77 V vs SCE and
+2.05 V vs SCE, respectively (Figure 4b).18l These results
suggest that both the tertiary amine and naphthalene moieties of
1h can be oxidized by the excited state of Mes-Acr* via reductive
quenching (*E12"®? = +2.15 V vs SCE),*? but the naphthalene
moiety would be oxidized more efficiently than the tertiary amine
moiety. Based on these experimental results, DFT calculations
of each catalyst 1 were then carried out (Figure 4c, for details of
DFT computation see page S33 of the Supporting Information).
The BDE value for the N*=H bond of the protonated form of 1h
was evaluated to be 106 kcal/mol, and those for other catalysts,
except for 1d, were found to be within the range of 104-109

kcal/mol (see the Supporting Information for BDE of all catalysts).

These results indicate that the dicationic aminium radicals
generated from 1 have greater reactivity than the structurally
analogous quinuclidinium radical (BDE = 100 kcal/mol),*"1which
is consistent with the efficient HAT from unactivated
hydrocarbons such as cyclohexane (BDE (C—H) = 99 kcal/mol)
using 1. Next, we investigated the role of the N-substituent in
catalyst 1 (Figure 4d). The reaction of cyclohexane with 2 using
1j as the catalyst provided 3 in 17% yield, which is similar to that
obtained using N-chloromethyl substituted catalyst 1a (Table 1,
entry 1). Thus, aliphatic groups as the N-substituent did not
contribute to the improvement of the chemical yields. To see the
effect of naphthalene in the catalyst 1h, 10 mol% or 100 mol% of
naphthalene was added to the same system. However, no
positive effect on the product yield was observed. On the other
hand, catalyst 1k bearing a naphthalene moiety tethered with an
elongated linker showed intermediate reactivity relative to those
of 1h and 1j. Based on these results, we speculate that the
aromatic group tethered to the quaternary ammonium moiety in
the catalyst would act as a redox mediator, assisting in the
efficient generation of the dicationic aminium radical as a key
radical species via intramolecular electron transfer. Finally, other
investigations such as radical-inhibition experiments and
deuterium-labeling studies provided evidence supporting the
mechanism involving HAT by the in situ-generated dicationic
aminium radical (see the Supporting Information for details).
Based on these experiments, a plausible reaction mechanism
using the optimal catalyst 1h is described in Figure 5. The
catalytic cycle is initiated by the single-electron oxidation of
catalyst 1h by the excited state of the acridinium catalyst (Mes-
Acr**), as is supported by Stern—Volmer fluorescence quenching
studies. The direct oxidation of the tertiary amine moiety of 1h to
form dicationic aminium radical B is possible according to CV
studies, but less efficient. Instead, if the catalyst has a suitable
aromatic moiety as a redox mediator on its N-substituent, the
oxidation preferentially takes place at the aromatic ring to form
the transient intermediate A.'8] Subsequent intramolecular
electron transfer from the nitrogen atom to the aromatic ring
furnishes B as the active radical species, which abstracts the
hydrogen atom from the C-H bond of the substrate.!®! The
resultant nucleophilic radical reacts with the electron-deficient
alkene to form a new C-C bond. Subsequent SET from the
reduced form of the acridinium catalyst (Mes-Acr®) to the
electrophilic radical followed by protonation affords the alkylated
product, closing the catalytic cycle. The role of N-substituent in 1
as a tethered redox mediator is further supported by additional
theoretical study (see the Supporting Information): evaluation of
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Figure 5. Proposed mechanism using the optimal catalyst 1h. EWG = electron-
withdrawing group.

the ionization potential (IP) for the tertiary amine moiety and the
aromatic moiety of each catalyst indicated that catalysts with
electron-rich aromatic groups (1c—d, 1g—h) have lower IP values
for the aromatic moiety than for tertiary amine moiety, while the
opposite is true for the other catalysts (1a-b, 1e-f). Taking these
results into consideration, the theoretical yield of 3 can be
described as a function of the IP and the N*-H BDE of each
catalyst. We found that these calculated yields for each catalyst
have a good correlation with the experimental results, which
reinforces the validity of our proposed catalytic cycle based on
the intramolecular electron transfer pathway.

In summary, we have developed a novel class of HAT
catalysts 1 based on the readily accessible DABCO platform.
These catalysts can be synthesized via a facile and modular
protocol and show high catalytic efficiency toward visible-light-
induced HAT alkylation of a variety of substrates, including
complex molecules. Moreover, the ability of the dicationic
aminium radical derived from 1 to act as a site-selective HAT
species based on steric differentiation was well demonstrated in
the C-H alkylation of several compounds containing more than
two reactive sites. A series of mechanistic studies indicated that
the N-substituent of the catalyst plays a crucial role as a tethered
redox mediator to assist in the efficient generation of the
dicationic aminium radical. The application of these catalysts to
other photoinduced transformations, as well as the development
of a novel organoradical catalyst based on the present catalyst
design, is ongoing in our laboratory.
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A novel hydrogen-atom transfer (HAT) catalysts based on readily
accessible  1,4-diazabicyclo[2.2.2]octane  (DABCO) was
developed. These catalysts enable efficient and site-selective
C-H alkylation of various substrates via visible-light-induced
HAT in combination with an organophotoredox catalyst.
Mechanistic studies suggested that the N-substituent of the
catalyst plays a crucial role, assisting in the generation of the
dicationic aminium radical.
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