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Design and synthetic utility of new HAT
organocatalysts derived from commercially
available diamines†‡

JingWen Jia,a Terumasa Katoa,b and Keiji Maruoka *a,b

A series of hydrogen-atom transfer (HAT) organocatalysts were conveniently prepared from commercially

available diamine compounds, and their utility in photoinduced HAT catalysis ability was investigated. The

combination of these readily available HAT organocatalysts with the Fukuzumi photoredox catalyst

enables efficient and site-selective C–H alkylation of various functionalized substrates ranging from

simple hydrocarbons to complex molecules. Notably, the sequential one-pot photoinduced dialkylations

of bifunctional substrates can be realized. Mechanistic studies suggested that the 1-naphthylmethyl

moiety on one nitrogen atom of the diamine compounds plays a crucial role in the reaction by inducing

the facile generation of a cationic aminium radical on the other nitrogen of the diamine as an active inter-

mediate for the HAT process.

Introduction

The site-selective functionalization of various C–H bonds in
simple and complex organic compounds provides an attractive
methodology for the preparation of value-added functionalized
products with complex organic structures.1–6 This method-
ology has high atom and step economy, and allows the facile
generation of reactive intermediates for the introduction of
specific functional groups, thereby facilitating the straight-
forward synthesis of pharmaceuticals, agrochemicals and
polymer materials.7–12 In recent years, there have been numer-
ous reports on the radical-mediated C–H functionalization of
organic molecules.13–18 In these examples, the hydrogen-atom
transfer (HAT) process, in which a proton and an electron are
transferred from a hydrogen donor to an acceptor in a single
step, has attracted attention as a powerful strategy to realize
catalytic C–H functionalization via radical intermediates.19–23

Traditional methods for the generation of radical species
require the use of toxic and/or hazardous radical initiators
such as AIBN24 or Bu3SnH

25 under harsh reaction conditions.7

In contrast, recent advances in this exciting field have intro-
duced mild and practical methodologies that use photocata-
lysis and electrochemistry, whilst catalysts such as transition
metal catalysts26–28 and organocatalysts,29–33 which are
responsible for the HAT process, have been developed. As
early as the 1900s, the generation of an aminium radical
cation from N-halogenated amines via thermal or photoche-
mical methods was reported.34,35 These N-radical cations can
abstract a hydrogen atom from a C–H bond by an efficient
HAT process.36 In addition, many types of organocatalysts
for radical HAT processes have been reported. Amine-based
organocatalysts are known to be representative models of
organocatalysts for the HAT process. For example, catalysts
based on quinuclidine,37–41 1,4-diazabicyclo[2.2.2]octane42,43

and piperidine36 that take advantage of the HAT ability of
N-radical cations have been developed in recent years. The
aminium radical cation is a key species in these catalysts. In
this context, we are interested in the possibility of designing
new, readily accessible HAT organocatalysts of type 1 (Fig. 1)
from commercially available diamine compounds. Our strategy
is to introduce a 1-naphthylmethyl moiety onto one nitrogen
atom of the diamine compounds, thereby inducing the more
favored photooxidation step on the naphthalene ring in 1
first, before the facile electron transfer from a lone pair elec-
tron of the other nitrogen atom to the naphthalene ring with
radical cation character ([A] to [B] in Fig. 1).42The generated
dicationic aminium radical [B] should be able to abstract a
hydrogen atom from the C–H bond of a substrate resulting in
an efficient HAT process.
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Results and discussion

We commenced our study by preparing 1 from a series of com-
mercially available diamine substrates. For example, the reac-
tion of 4-dimethylaminopyridine (DMAP) with 1-naphthyl-
methyl bromide in acetone furnished the corresponding pyri-
dinium bromide (∼99%), which was treated with sodium tetra-
fluoroborate (NaBF4) in MeCN to give pyridinium tetrafluoro-
borate 1a in ∼99% yield (Fig. 2a). The efficiency of 1a as a HAT
organocatalyst was then evaluated by applying 1a in the photo-
induced C–H alkylation of 3-methylbutanal (2a) with 2-benzyli-
denemalononitrile (3a) as the radical acceptor in the presence
of the Fukuzumi photoredox catalyst in MeCN under
irradiation with a blue light-emitting diode (LED) to afford the
coupling product 4a in 99% yield (Fig. 2b). Use of other radical
acceptors 3b–e furnished the corresponding coupling products
5a–8a, respectively, in high to excellent yields (87–99%).
However, when 1,1-ethenediyl bis(sulfone) 3f and vinyl sulfone
3g were used as the radical acceptors, the coupling products
9a and 10a were obtained in moderate to good yields
(49–71%).

Since the choice of aldehyde substrate 2a generally afforded
coupling products 4a–8a in high to excellent yields, this alde-
hyde substrate did not seem to be appropriate for the examin-
ation of the reactivities of other HAT organocatalysts derived
from a series of commercially available diamino compounds.
Indeed, the attempted use of 5 different HAT organocatalysts
1b–f in the photoinduced C–H alkylation of aldehyde 2a with
3a gave the coupling product 4a in excellent yields as shown in
Table 1a. When HAT organocatalysts 1g–h were utilized, mod-
erate yields (64–65%) of 4a were obtained. Accordingly, we
selected a toluene (2e) as the substrate as it is less reactive
than 2a (Table 1b). Indeed, the attempted reaction of toluene
(3 equiv.) with 2-benzylidenemalononitrile (3a) in the presence
of HAT organocatalyst 1a and the Fukuzumi photocatalyst

under similar conditions with longer reaction time afforded
the coupling product 4e in 97% yield. The use of an excess of
toluene (10 equiv.) enhanced the yield of 4e to 98% under
similar conditions with shorter reaction time (15 h). Now
using an excess of toluene (10 equiv.) as standard, the reactiv-
ities of various HAT organocatalysts in the radical-promoted
alkylation to 2-benzylidenemalononitrile (3a) was thoroughly
investigated (Table 1b). Among these, HAT organocatalysts
1b–c and 1i–k derived from 1-methyl-1H-imidazole, 1-methyl-
1H-1,2,4-triazol, 4-(pyrrolidin-1-yl)pyridine, N,N-dimethyl-
1-(pyridin-2-yl)methanamine and 1-methyl-1H-pyrazol, res-
pectively, also demonstrate excellent catalytic performance
(85–94% yields) in the photoinduced C–H alkylation of toluene
(2e) with 2-benzylidenemalononitrile (3a). It should be noted
that the use of 4-(dimethylamino)-1-methylpyridin-1-ium tetra-
fluoroborate (1A) in place of the 1-(1-naphthylmethyl) pyridin-
1-ium salt 1a gave none of the desired product 4e under the
standard conditions. In addition, replacement of the
1-naphthylmethyl moiety in 1a with p-methoxybenzyl or
anthracen-9-ylmethyl moieties (i.e., catalysts 1B or 1C) resulted
in the production of only a trace amount of 4e. The choice of
counter anion is crucially important, and the use of 4-(di-
methylamino)-1-(naphthalen-1-ylmethyl)pyridin-1-ium

Fig. 1 Working hypothesis for the design of new HAT organocatalysts
from diamines.

Fig. 2 (a) Synthesis of HAT organocatalyst 1a. (b) Photoinduced radical
reaction of 2a with 3a–3g.
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bromide (1D) gave a low yield (36%) of the desired 4e. Next, we
investigated HAT organocatalysts 1d–f and 1l–n derived from
1,8-naphthyridine, 2,2′-bipyridine, 1,8-bis(dimethylamino)
naphthalene (proton sponge), 4-(pyridin-4-yl)morpholine, 4,4′-
dimethyl-2,2′-bipyridine and 2,3′-bipyridine, respectively.
These HAT organocatalysts exhibited moderate to good per-
formance (30–75% yield of 4e) in the photoinduced C–H alkyl-
ation of toluene (2e) with 2-benzylidenemalononitrile (3a).
Considering the high oxidation potential of pyridine moiety on
HAT catalyst 1e, 1m and 1n, these catalysts might generate a
pyridyl-radical cation, which contributes to their HAT ability.

Accordingly, 1-methyl substituted 2,2′-bipyridine HAT catalyst
1E was synthesized. However, product 4e is not detected in the
1E-catalyzed C–H alkylation of toluene with 3a. Use of simple
1-naphthylmethylpyridinium salt 1F gave coupling product 4e
in lower yield (45% vs. 66% with 1e). These results indicated
that the presence of 1-naphthylmethyl moiety is crucially
important, and another pyridyl moiety showed some positive
results in this transformation. The similar tendency is also
observed with HAT catalyst 1d in comparison with 1G and 1H.
(for details, see Scheme S1 in the ESI‡). Furthermore, HAT
organocatalysts 1g–h and 1o–p derived from 1,10-phenanthro-
line, N,1N1,N2,N2-tetramethylethylenediamine (TMEDA), 1-methyl-
1H-benzo[d]imidazole and 1,5-naphthyridine, respectively, exhibi-
ted the low reactivities (trace ∼25% yields of 4e) in the same
photoinduced C–H alkylation of toluene with 3a.

With this information in hand, we examined the substrate
scope of the various functionalized compounds in the pres-
ence of HAT catalyst 1a, as shown in Table 2. Of the aldehyde
substrates 2a–d, the aliphatic aldehydes 2a–c reacted with
various radical acceptors 3a–g smoothly to furnish the corres-
ponding coupling products 4–10 in good to excellent yields.
However, aromatic aldehyde 2d was found to be less reactive.
The in situ-generated benzoyl radical smoothly reacted with
acceptors 3a,d,f to give products 4d, 7d, and 9d in good to
excellent yields, while the reaction with acceptors 3b,c,e,g pro-
ceeded sluggishly to give low yields (17–38%) of products 5d,
6d, 8d, and 10d, respectively (for details see Table S4 in the
ESI‡). The benzylic radicals generated in situ from benzylic
substrates 2e–h, only underwent conjugate addition with reac-
tive acceptors 3a and 3f, whilst the other acceptors (i.e., 3b–e
and 3g) reacted very sluggishly under the standard conditions
(for details see Table S4 in the ESI‡). Among amido substrates,
the α-amido carbon radical generated from N-Boc-dimethyl-
amine is the more reactive, and the radical coupling took place
smoothly with acceptors 3a,b,d,f to afford the corresponding
products 4i, 5i, 7i, and 9i, respectively, in good to high yields.
It was found that N-Boc-pyrrolidine (2m) also worked well.
However, the other amido substrates 2j–l would only react with
2-benzylidenemalononitrile (3a) to give 4j–l in good to excel-
lent yields. The tetrahydrofuran-2-yl radical, generated from
THF (2n), can be coupled easily with various radical acceptors
3a,b,e–g to furnish coupling products 4n, 5n, 8n, 9n, and 10n,
respectively, in good to high yields. A carbon radical derived
from 1,3-dioxolane (2o) added to reactive acceptor 3f to give
coupling product 9o in good yield. We also examined several
alcohol substrates 2p–s, and products with α-hydroxy C–C
bonds 4p–s and 9p–s, respectively, were formed in moderate to
high yields. Dimethylphenylsilane (2t) and aromatic thiols 2u–
v only reacted with the reactive acceptor 3f to give coupling
products 9t–v, respectively, in moderate to high yields.

A characteristic feature of our approach is that it can be uti-
lized in late-stage functionalization reactions, and this has
been successfully demonstrated via the site-selective C–H alkyl-
ation of bifunctional molecules (Table 3). Thus, p- and
m-methylbenzaldehyde 2w,x generated p- and m-methylbenzoyl
radicals solely, without the formation of any benzylic radicals,

Table 1 Reactivity of various new HAT organocatalysts derived from
commercially available diaminesa,b

a Condition: 3-Methylbutanal (2a, 0.6 mmol) or toluene (2e, 2.0 mmol),
acceptor 3a (0.20 mmol), Fukuzumi catalyst (5.0 mol%), and HAT cata-
lyst 1 (10 mol%) in MeCN (2.0 mL) under light irradiation (blue LED,
448 nm) at 25 °C for 15 h. bNMR yield using 1,1,2,2-tetrachloroethane
as internal standerard; isolated yeilds are indicated in parentheses. n.
d. = not detected. Trace = <5% yield. cWith 3 equiv. of toluene. d For
36 h.
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in a site-selective manner under photoinduced conditions in
the presence of 2-benzylidenemalononitrile (3a) to furnish the
coupling products 4w and 4x, respectively, in excellent yields.
In isochromane substrate 2y, the preferential generation of an
α-oxy carbon radical took place to afford the coupling product
4y in excellent yield. With butyl methyl ether (2z), only coup-
ling product 4z was obtained in excellent yield with a small
amount of methyleneoxy radical formation. Amide substrates
2aa–ad were examined and N-Ac-morpholine (2aa) was con-
verted to the corresponding α-amido carbon radical in a site-
selective manner without formation of the α-oxy carbon radical
to provide coupling product 4aa in high yield. In the cases of
N-Boc-isopropylmethylamine (2ab) and N-Boc-methyl-
propylamine (2ac), the α-amido methyl radicals can be gener-
ated preferentially tofurnish coupling products 4ab and 4ac
with high to excellent site-selectivity. An α-amido methylene
radical is preferentially formed from the unsymmetric urea
derivative 2ad to give coupling product 4ad in high yield.
When benzo[d][1,3]dioxole-5-carbaldehyde (2ae) was treated
with HAT catalyst 1a, coupling product 4ae was obtained as a
major product in high yield with a small amount of 4ae′ via
acyl radical formation. In marked contrast, however, 4ae′ was
produced almost exclusively in excellent yield with HAT cata-
lyst 1e (for more information on the site-selectivity of various
HAT catalyst, see Tables S5 and S6 of the ESI‡).44 Based on the
calculation, the bond dissociation energies (BDEs) for the CH2

and aldehyde C–H positions in piperonyl aldehyde (2ae) are
similar, the CH2 position (90.8 kcal mol−1) is slightly higher
than aldehyde C–H position (89.1 kcal mol−1). The difference
in HAT site-selectivity between the catalysts 1a and 1e in the
reaction using 2ae more likely arises from π–π interaction of
catalyst/substrate (Fig. 3). When the naphthyl group of the
catalyst 1a forms a π interaction with the substrate 2ae, the
hydrogen abstraction from the CH2 group occurs more easily
as shown in [C] in comparison with the case [D]. In contrast,
when the naphthyl group of the catalyst 1e forms a π inter-
action with the substrate 2ae, the hydrogen abstraction from
the aldehyde C–H position occurs more easily as shown in [E]
(for details of calculation method and the optimized struc-
tures, see section 8 in the ESI‡). Next, the site-selective C–H
alkylation of natural products and biologically active com-
pounds was investigated (Table 3). Dihydrocitronellal (2af ) was
compatible with this approach and 4af, 6af, and 7af were deli-
vered in excellent yields with rigorous site-selectivity. Geraniol
(2ag) was also successfully reacted without the protection of
the hydroxy group, providing the coupling product 4ag with
rigorous regioselectivity. In the multi-functional molecules 2ah
and 2ai, which have multiple reactive C–H bonds, the present
approach afforded 4ah and 4ai, respectively, in a highly site-
selective manner.

Our approach was then applied to the sequential, one-pot
photoinduced C–H dialkylations of bifunctional substrate 3h

Table 2 Substrate scope of photocatalyzed C–H alkylations of 2 and 3 with HAT catalyst 1a a,b,c

a Conditions: 2 (0.6 mmol), 3 (0.20 mmol), Fukuzumi cat. (5.0 mol%), and HAT catalyst 1a (10 mol%) in MeCN (2.0 mL) under light irradiation
(blue LED, 448 nm) at 25 °C for 15 h. b Yeilds are isolated yields. cDiastereomer ratio (dr) were determined by 1H NMR of the crude product.
dWith 10 equiv. of C–H substrate. e Reaction time is 36 hours. fCyclized product was isolated after silica-gel column chromatography (see the
ESI‡). gDiatereoisomeric ratio (dr) was determined by the yields of isolated products.
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with the Fukuzumi/HAT catalysts. Thus, the initial reaction of
3h with toluene in the presence of the Fukuzumi catalyst
(5 mol%) and HAT catalyst 1a (10 mol%) in MeCN under blue
LED irradiation at 25 °C for 24 h was carried out to furnish
monoalkylation product 11 in almost quantitative yield with
rigorous site-selectivity. After removal of the solvent and
toluene via vacuum evaporation, the second reaction was then
executed by adding 3-methylbutanal (2a) (1 mmol) in the pres-
ence of the Fukuzumi catalyst (5 mol%) and HAT catalyst 1a
(10 mol%) in MeCN under blue LED irradiation at 25 °C for
15 h to afford only dialkylation product 12 in 81% yield with
rigorous site-selectivity (Fig. 4a). In a similar manner, the first-

Table 3 Substrate scope of various site-selective photocatalyzed C–H alkylations with HAT catalyst 1a a,b,c

a Conditions: 2 (0.6 mmol), 3a (0.20 mmol), Fukuzumi cat. (5 mol%), and HAT catalyst 1a (10 mol%) in MeCN (2.0 mL) under light irradiation
(blue LED, 448 nm) at 25 °C for 15 h. b Combined isolated yields of all isomers. cDiastereomer ratio (dr) were determined by 1H NMR of the
crude product. Regioisomeric ratio (rr) was determined by 1H NMR of crude or isolated products. d Reaction time is 36 hours. e Reaction time is
48 hours.

Fig. 3 Site-selective C–H alkylations of 2ae with HAT catalyst 1a or 1e.

Fig. 4 Sequential one-pot photocatalyzed C–H alkylations of 3h with
HAT catalyst 1a. (a) 3h (0.2 mmol), toluene (2 mmol), Fukuzumi cat.
(5 mol%), and HAT catalyst 1a (10 mol%) in MeCN (2.0 mL) under light
irradiation (blue LED, 448 nm) at 25 °C for 24 h. (b) 3-Methylbutanal
(1 mmol), Fukuzumi cat. (5 mol%), and HAT catalyst 1a (10 mol%) in
MeCN (2.0 mL) under light irradiation (blue LED, 448 nm) at 25 °C for
15 h. (c) THF (2 mmol), Fukuzumi cat. (5 mol%), and HAT catalyst 1a
(10 mol%) in MeCN (2.0 mL) under light irradiation (blue LED, 448 nm) at
25 °C for 15 h. (d) EtOH (1 mmol), Fukuzumi cat. (5 mol%), and HAT cata-
lyst 1a (10 mol%) in MeCN (2.0 mL) under light irradiation (blue LED,
448 nm) at 25 °C for 36 h.
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step reaction of 3h with toluene and the subsequent reaction
with THF were accomplished under similar photoinduced con-
ditions to give the dialkylation product 13 in 66% yield
(Fig. 4b). In addition, the initial photoinduced reaction of 3h
was conducted with ethanol to furnish the monoalkylation
product 14 in 74% yield, and the subsequent reaction with
3-methylbutanal (2a) afforded the dialkylation product 15 in
65% yield (Fig. 4c).

In order to thoroughly understand the reaction mechanism,
we performed Stern–Volmer fluorescence quenching and cyclic
voltammetry (CV) studies (Fig. 5). The Stern–Volmer fluo-
rescence quenching studies indicate that HAT catalyst 1a
quenches the excited state of the Fukuzumi catalyst, while
neither the C–H substrate, toluene, nor the 2-benzylidenemalo-
nonitrile (3a) as acceptor quenched the Fukuzumi catalyst
(Fig. 5a). Cyclic voltammetry (CV) analysis of 1a revealed a
peak at +1.91 V vs. the saturated calomel electrode (SCE). In

comparison, naphthalene and the N-methyl-substituted cata-
lyst 1A showed half-peak potentials (Ep/2) of +1.65 V vs. SCE
and +2.00 V vs. SCE, respectively (Fig. 5b). These observations
imply that the excited state of the Fukuzumi catalyst (with a
reductive quenching potential of *Ered1=2 = +2.09 V vs. SCE42) can
oxidize both the tertiary amine and naphthalene groups in 1a,
though oxidation of the naphthalene group occurs more
readily than that of the tertiary amine. These results show that
the N-tethered naphthalene moiety would be oxidized by the
photoredox catalyst and assist the generation of an aminium
radical cation on the other nitrogen atom of the diamine cata-
lyst via intramolecular electron transfer. The generated active
aminium radical cation species then proceed to abstract the
hydrogen atom from the C–H bond of the substrate.

In addition, the radical clock experiments using citronellal
(2aj) as substrate in the presence or absence of electron-
deficient alkene (3a) were carried out. In the presence of elec-
tron-deficient alkene (3a), neither the coupling product nor
the radical cyclization-addition product was detected, and the
desired cyclization product, menthone was obtained in 3%
yield. In the absence of electron-deficient alkene (3a), the
desired cyclization product, menthone was obtained in 8%
yield. These results indicated the participation of radical
species under this reaction condition (for detail, see ESI,
Schemes S3 and S4‡).

Conclusions

In summary, we have designed and synthesized various types
of hydrogen-atom transfer (HAT) organocatalysts from com-
mercially available diamine compounds. Some of the best HAT
organocatalysts demonstrated here, in combination with a
photoredox organocatalyst allowed efficient and site-selective
C–H alkylation of various functionalized organic substrates,
ranging from simple hydrocarbons to complex molecules. This
study should encourage further development of readily avail-
able, new HAT organocatalysts for the site-selective C–H alkyl-
ation of multifunctional molecules. The application of chiral
HAT organocatalysts derived from commercially available
chiral diamine substrates for asymmetric C–H alkylation is
ongoing in our laboratory.
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