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Abstract

Methods to activate the relatively stable ether C-O bonds and convert them to other
functional groups are desirable. One-electron reduction of ethers is a potentially promising
route to cleave the C-O bond. However, owing to the highly negative redox potential of alkyl
aryl ethers (£ < —2.6 V vs SCE), this mode of ether C-O bond activation is challenging.
Herein, we report the visible-light-induced photocatalytic cleavage of the alkyl aryl ether C-
O bond using a carbazole-based organic photocatalyst. Both benzylic and non-benzylic aryl
ethers underwent C-O bond cleavage to form the corresponding phenol products. Addition
of Cs2CO3 was beneficial, especially in reactions using an N-H carbazole photocatalyst. The
reaction was proposed to occur via single electron transfer (SET) from the excited-state
carbazole to the substrate ether. Interaction of the V-H carbazole photocatalyst with Cs,COs
via hydrogen bonding exists, which enables a deprotonation-assisted electron transfer
mechanism to operate. In addition, the Lewis acidic Cs cation interacts with the substrate
alkyl aryl ether to activate it as an electron acceptor. The high reducing ability of the carbazole
combined with the beneficial effects of Cs;CO3 made this otherwise formidable SET event

possible.

Introduction
The alkyl aryl ether group is an abundant functional group prevalent in natural and

synthesized molecules. One such important class of molecules is lignin,! the largest chemical



feedstock of aromatic compounds in nature. Thus, methods to activate the relatively stable C-
O bonds in ethers and transform them into other functional groups are desirable. Photoredox
catalysis has been extensively studied in the last decade as a powerful synthetic tool to achieve
otherwise formidable bond transformations.? Light-induced single electron transfer (SET)
can lead to C—X bond cleavage, where X is an electronegative heteroatom such as halogens,
nitrogen, and oxygen, resulting in the formation of carbon radicals and X anions. However,
there are very few methods to cleave the ether C-O bonds via a visible-light-induced SET
mechanism. This is attributed to three main factors: (1) The large bond dissociation energy
(BDE) of the ether C-O bonds (BDE = 83-86 kcal/mol),® (2) large negative reduction
potential of ethers, and (3) weak leaving ability of alkoxides [pX, (alcohol) = 15-18].

Hasegawa® and Ollivier® reported the C-O bond cleavage of a-ketoepoxides using visible-
light-active photocatalysts (Figure 1a). Helaja® reported the photocatalytic conversion of
benzyloxypyridines to pyridones under acidic conditions (Figure 1b), in which protonation of
the substrate pyridines to increase the redox potential of substrates was the key to success.
Moreover, Stephenson reported the reduction of benzoyl-substituted alkyl aryl ethers using
metal” and non-metal® photocatalysts (Figure 1c). However, in all these cases, the reduction
potentials of the used substrates were more positive than —2.0 V vs SCE because visible-light-
active photocatalysts with £* [PC**/PC*] < 2.0 V vs SCE are scarce.

Our laboratory has been focusing on the development of non-metal photocatalysts with
high reducing ability.” We observed that the carbazole-based visible-light-activated
photocatalyst PC1, bearing excited-state oxidation potentials as negative as —2.75 V vs SCE,
exhibited high catalytic performance, enabling the reduction of unactivated chloroarenes (£
[PhCl/PhCl*] = -2.88 V vs SCE) and even a fluoroarene via the SET mechanism.!® 11. 12 The
installation of dimethylamino groups at the carbazole 3- and 6-positions provided two
advantages: (1) A 40 nm bathochromic shift over that of PC2 in the absorption spectrum,
enabling visible-light activation and (2) increased excited-state reducing ability [ £** = -2.75
V (PC1) vs —2.47 V (PC2)]. Thus, we envisioned that carbazole-based photocatalysts can be
employed to attain the underdeveloped C-O bond cleavage in ethers with highly negative

reduction potentials.
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Herein, we report the visible-light-induced photocatalytic cleavage of alkyl aryl ether C-



O bonds (£ < -2.6 V vs. SCE). Notably, both benzylic and non-benzylic aryl ethers
underwent C-O bond cleavage (Figure 1d). Moreover, the catalytic performance of the N-H-

type carbazole PC3 was superior to that of PC1, which is experimentally rationalized.

a) Hasegawa and Ollivier
[Ru] or [Ir] OH O

o} :
o) organohydride
R1/_\|;/\”\R2 TR R
R3\/ light (A > 390 nm), rt R3
X
b) Helaja
>£
A j Xy BN [Ru] or [Ir], ascorbic acid L AN
' —0 > | 0]
N 455 nm LEDs, rt SeoNy
MeCN/H,0 H

c) Stephenson

[Ir], Pro,NEt, HCO,H

)
> HO
X +
blue LEDs, rt, MeCN @ N
“OH

d) This work — C—O bond cleavage of ethers with highly negative redox potentials

Q PC3, CSZCO3
‘j(\ 1,4-cyclohexadiene OH
O« _R >
' LED (Amay = 400 nm)
rt., DMSO

R = aryl, alkyl, H
[E"®9 < -2.6 V vs SCE]
Figure 1. Visible-light-induced photocatalytic C-O bond cleavage of ethers.

Results and discussion

Benzyl phenyl ether (1a) did not display any reduction wave within the potential window
of the acetonitrile solvent (Figure S1), indicating that 1a has a reduction potential £ < -2.6
V vs SCE. Indeed, this is a class of molecules that cannot be reduced by commonly used
photocatalysts such as Ru(bpy)s;Cl; and Ir(ppy)s. We therefore began our investigations by
using 1a as the model substrate and carbazole-based photocatalysts (Table 1). Thus, we first

tested previously developed conditions for the dechlorination of aryl chlorides, namely PC1



(5 mol%), Pr:NEt (2 equiv), and 1,4-cyclohexadiene (CHD; 2 equiv) in N,N-
dimethylacetamide (DMA).!? After 24 h of irradiation using an LED lamp (A = 400 + 20 nm),
phenol (2a) was obtained in 11% yield and unreacted 1a was recovered (entry 1). Next, we
replaced PC1 with the N-H variant PC3, the synthesis of which was previously developed by
our group.'® This led to a 23% increase in the yield of 2a (entry 2)and therefore, we conducted
the subsequent investigations with PC3. Rapid screening of the base and solvent revealed that
Cs2CO; and DMSO were the best base and solvent, respectively (entries 3-8). Addition of
BusNBr to increase the solubility of base did not improve the yield (entry 9). Notably, in the
absence of CHD, the reaction proceeded with a slightly decreased yield (entry 10). We next
changed the catalyst loading (entries 11 and 12); however, no significant difference in product
yield was observed. This result can be interpreted as follows: under this condition, even as low
as 2.5 mol% of PC3 was enough to absorb most of the supplied photons; so the increase of
the photocatalyst amount did not lead to the acceleration of the reaction. In the absence of a
photocatalyst, the reaction proceeded to afford 2a in 10% yield (entry 13). This result was
unexpected given that on their own, none of the species displayed absorption in the
wavelength region of the employed light source, as discussed later. The amount of Cs,CO3
affected the reaction rate (entries 14—17), so that the yield decreased with decreasing amount
of Cs2COs. This Cs,COs3 effect was also observed in the photocatalysis reactions using PC1
(entries 18 and 19). These results provided insight into the reaction mechanism and are

discussed later. As predicted, no reaction occurred in the dark (entry 20).

Table 1. Optimization of the photochemical C-O bond cleavage of 1a“

LED (hay = 400 nm), PC
OQ Base (2.0 equiv), CHD (2.0 equiv) ©/OH
©/ Solvent, 23 °C, 24 h

1a 2a
Yield /%?
Entry PC (mol%) Base Solvent 2a 1a
1 PC1 (5) -Pr;NEt DMA 11¢ 80¢
2 PC3 (5) -Pr;NEt DMA 23¢ 78¢
3 PC3 (5) Cs2COs4 DMA 34 65
4 PC3 (5) K2COs DMA 20 76
5 PC3 (5) KsPOy DMA 31 61
6 PC3 (5) Cs2COs4 CHsCN 21 78



PC3 (5) Cs2CO3 DMF 22 69

8 PC3 (5) Cs2COs DMSO 48 50
94 PC3 (5) Cs2COs DMSO 43 53
10¢ PC3 (5) Cs2COs DMSO 40 53
11 PC3 (8) Cs2COs4 DMSO 49 46
12 PC3 (2.5) Cs2COs4 DMSO 46 48
13 - Cs2COs4 DMSO 10 91
141 PC3 (5) Cs2COs4 DMSO 63 32
157 PC3 (5) Cs2COs DMSO 55 40
(1.0 equiv)
167 PC3 (5) Cs2CO3 DMSO 37 60
(0.5 equiv)
171 PC3 (5) - DMSO 17 80
181 PC1 (5) Cs2CO; DMSO 52 37
194 PC1 (5) - DMSO 27 65
208 PC3 (5) Cs2,CO3 DMSO 0 quant

2 Conditions: 1a (0.5 mmol, 1.0 equiv), PC, base (2.0 equiv), CHD (2.0 equiv), solvent (5.0
mL, 0.1 M), LED (Amna = 400 nm), argon atmosphere, 23 °C, Pyrex tube. ? Determined by
reverse-phase HPLC. ¢ Determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as
the internal standard. ¢ With BusNBr (1 equiv). ¢ Without CHD. 48 h. ¢ No light.
Abbreviations: PC = photocatalyst, CHD = 1,4-cyclohexadiene, DMA = NN
dimethylacetamide, DMF = dimethylformamide, and DMSO = dimethylsulfoxide.

With the optimized reaction conditions in hand (see entry 14 of Table 1), the scope of the
developed ether C-O bond cleavage was next examined (Table 2). The reactions proceeded
smoothly with aryl benzyl ethers bearing electron-withdrawing substituents (entries 1-6).
The reaction on a 2-mmol scale uneventfully proceeded (entry 1). The reaction was sluggish
with aryl benzyl ether 1h bearing an electron-donating substituent (entry 7). Both the
regioisomers of naphthyl benzyl ethers 1i and 1j were good substrates (entries 8 and 9).
Because polyaryl phenolates were recently reported to have photocatalytic activities,!* we
checked the photocatalytic activity of the phenol product. The C-O bond cleavage of 1j was
conducted under the same reaction condition as entry 9 of Table 2 except using 5 mol% of 1-
naphthol (2i) as a photocatalyst instead of PC3. After 15 hours, product 2j was obtained in
64% yield, a comparable result with that of the reaction using PC3 (entry 9, Table 2). This
suggests that in some instances product phenolates may potentially self-catalyze the reaction.

Aryl p-methoxybenzyl (PMB) ethers were also examined (entries 10-14) as both benzyl and



PMB ethers are commonly utilized as a protecting group for hydroxyl groups in the target-
oriented synthesis. These reactions took longer than those of the corresponding benzyl ethers,
probably because the electron-donating p-MeO group slowed the SET event from the excited-
state PC3 to the substrates; nevertheless, the expected products were obtained in acceptable
yields. Alkyl benzyl ether 1p was also tested (entry 15) and although the reaction was slow,
product alcohol 2k was obtained in 15% yield. Next, alkyl aryl ethers 1q—s were subjected to
the proposed reaction system (entries 16—-18) wherein surprisingly, product 2b was generated
in high yields. Thus, it became apparent that the developed reaction conditions can be
applicable to both benzyl- and non-benzyl-type ethers. The quantum yield of photochemical
C-0O bond cleavage of 1b was determined to be 0.16.



Table 2.

Substrate scope?

LED (Amax = 400 nm), PC3 (5 mol%)

Cs,CO3 (2.0 equiv), CHD (2.0 equiv)

2 Ar
DMSO, 23 °C, 48 h
1 2
Entry Substrate Product Yield Entry Substrate Product Yield
/% /%
(Time)? (Time)?
1 OBn OH 99 10 OPMB OH 517
NC”~ : NC~ : (18 h) ©/ ©/
1b 2b 98¢ 1k 2a
(29h)
2 0Bn : oH| >99 11 OPMB OH 93
MeO,C” i MeO,C (44 h) NC” : NC” : (36 h)
1c 2c 11 2b
3 0Bn oH | 697 12 OPMB oH | 78
OHC/©/ OHC/©/ Me020/©/ Me020/©/
1d 2d 1m 2c
4 0Bn oH 68¢ 13 O O 48
OPMB OH
L L g 6h)
1e 2e 1n 2i
5 oBn o | 43 14 OPMB on |43
Y O
1f 2f 10 2j
6 /©/OBn /©/OH 70 15 0B A~ OH 154
Ph Ph 1p 2k
19 2g
7 0Bn oH | 40 16 0._CuHy OH >994
Me0/©/ Me0/©/ NC/©/
1h 2h 1q 2b
8 O O 554 17 o oH | 90
OBn OH
(3h) Ne T Ne (22 h)
1i 2i 1r 2b
9 0Bn OH 62 18 o. oH 94
Me
(24 h) NC/©/ NC/©/
1j 2j 1s 2b




2Conditions: Substrate (0.5 mmol, 1.0 equiv), PC3 (5 mol%), Cs2COs (2.0 equiv), CHD (2.0
equiv), DMSO (5.0 mL, 0.1 M), LED (Ama = 400 nm), argon atmosphere, 23 °C, 48 h, Pyrex
tube; isolated yield shown unless otherwise noted. ® Reaction time shown unless it was 48 h. ¢
2 mmol scale. ¢ Determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as the
internal standard. ¢ Determined by F NMR analysis using fluorobenzene as the internal

standard. Determined by RP-HPLC analysis. Abbreviation: PMB = p-methoxybenzyl.

Mechanistic study

A detailed mechanistic study was next conducted to clarify the pronounced role of Cs,COs3,
which markedly accelerated the photochemical reactions (Table 1, entries 14-19).

The electronic and optical properties of PC3 were first studied, and the results are
compared to those of PC1 in Figure 2.1° Cyclic voltammetric analysis revealed that based on
the first reversible oxidation event, the redox potential of PC3, £* [PC3**/PC3], was +0.29
V vs SCE (Figure 2a). This value is similar to that of PC1 (£ [PC1**/PC1] = +0.27 V vs
SCE). The absorption and fluorescence spectra of PC1 and PC3 did not display any significant
differences (Figure 2b and 2c, respectively). The lowest energy peak of PC3 in the absorption
spectrum is attributed to the HOMO — LUMO transition. Because the HOMO energy level
increases, owing to the electron-donating NMe; groups at the 3- and 6-positions, the HOMO-
LUMO gap becomes smaller resulting in a longer absorption wavelength that reaches the
visible region. From the onset value of the fluorescence emission peak (407 nm), the excited
state of PC3 was estimated to be 3.05 eV above the ground state. Thus, from the Rehm-Weller
equation,'® the excited-state oxidation potential of PC3 is £* [PC3*+/PC3*] = +0.29 — 3.05
= —2.76 V vs SCE. This value is similar to that of PC1 (-2.75 V vs SCE).!0
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Figure 2. Electronic and optical properties of PC3. Those of PC1 are also shown for
comparison.'® (a) Cyclic voltammetric (the black circles indicate the potentials from which

the scans originated), (b) UV-vis absorption, and (c) fluorescence spectra.



The addition of Cs2COs significantly increased the reaction rate of the photochemical C-
O bond cleavage of ethers. This positive effect of Cs,CO3; was observed both in the reactions
using PC3 (from 17% to 63% yield; Table 1, entries 14 and 17) and PC1 (from 27% to 52%
yield; Table 1, entries 18 and 19). Larionov recently reported that an NV-H type phenothiazine
photocatalyst interacts with a carbonate anion and enhances its reducing ability.!® This led us
to suppose that a similar activation process operates in the reactions using PC3. We therefore
measured the absorption and fluorescence spectra of PC1 and PC3 in the presence of Cs;COs
and compared them to those attained in the absence of Cs,COsto establish whether there
were any significant changes between the two sets of spectra. The inorganic salt Cs,COj3; was
barely soluble in DMSO and remained insoluble in the photochemical reactions in this study.
Thus, to reproduce the conditions of the actual photochemical reaction in the spectroscopic
measurements, the analytical samples were prepared by saturating the photocatalyst solution
with Cs2COs. The spectroscopic measurements were conducted 5 min after shaking, when all
the insoluble solid settled at the bottom of the measurement cuvettes. In the absorption
spectrum of PC3 in the presence of Cs;CO3, new peaks appeared at 440 nm and 300 nm
(Figure 3a), suggesting that a new species between PC3 and Cs,CO3was generated. No such
change was observed for PC1 (Figure 3b), which implies that the PC3 N-H proton interacts
with Cs2COs, probably via hydrogen bonding, as suggested by Larionov!®This notion does not
contradict the 'H NMR spectroscopic results wherein, upon the addition of Cs,COs3, the N—
H peak (marked with the symbol "*" in the chart) disappeared and an upfield shift of the
aromatic protons was observed (Figure 3c)."” This change was more prominent in the
fluorescence spectra (Figure 3d). The sample at 5 min after shaking displayed new red-shifted
peaks (Amax at 505 nm) in addition to the original PC3 peaks (Amax at 447 nm). With the elapse
of time, from 5 to 55 min, the new peaks decreased, and the original peaks increased with a
clear isofluorescent point at 490 nm. The fluorescence spectrum at 55 min was almost
identical to that observed in the absence of Cs;COj3 (Figure 2c). This sample was remixed well
by shaking and then reanalyzed. The red-shifted peaks with Ay at 505 nm reappeared (Figure
3e), indicating that the structural change was reversible. For the DMSO solution of PC3 with
Cs2COj at 5 min after preparation (red fluorescence spectrum in Figure 3d), the excitation
spectra were measured by monitoring varied wavelengths of fluorescence (Figure 3f). The
observed excitation spectra attained from fluorescence emission at 450 and 560 nm are almost
superimposable to the absorption spectra of PC3 without and with Cs,COs3, respectively
(Figure 3a). This further supported that upon mixing with Cs,COs;, PC3 provided a
spectroscopically distinct complex. The cyclic voltammogram of PC3 in the presence of
Cs2CO; was similar to that in its absence (Figure S5). Overall, the above observations as well

as the literature precedent!'® do not contradict the notion that PC3 interacts with Cs,COj via



a hydrogen bonding to give the weakly-bound complex. However, the possibility that the
neutral and deprotonated forms of PC3 are in equilibrium cannot be ruled out (see Supporting
Information for a more detailed discussion).

Fluorescence quenching experiments of PC3 with substrate 1la and CHD were next
performed (Figure 3g). Fluorescence quenching was observed with 1a both in the presence
and absence of Cs,COs, with significantly stronger quenching observed in the former. It is of
note that in this study the fluorescence intensity at 447 nm was plotted because, in the presence of
PC3, the red-shifted peaks with Amax at 505 nm, which is attributed to the complex generated
from PC3 and Cs,COs3, was very weak. The reason for this observation is unclear at present.
On the other hand, CHD did not result in fluorescence quenching of PC3, regardless of the
presence of Cs2COs. These results do not contradict the notion that PC3 functions as a
photocatalyst via the oxidative quenching pathway rather than the reductive quenching
pathway, although the other reaction pathways cannot be completely ruled out. Although in
the presence of ether substrate 1a the complex generated from PC3 and Cs,COj3 could not be
detected spectroscopically, we speculate that in the actual photochemical reactions a stirring
helps the formation of this complex and that this complex bears greater reducing ability than
PC3 itself.

The above conclusion cannot rationalize the experimental results wherein the addition of
Cs2CO; also accelerated photocatalytic reaction in the presence of PC1 (Table 1, entries 18
vs 19), given that PC1 does not have an N-H proton that can interact with Cs,CO3;. We
therefore proceeded to examine the interaction of Cs2CO3with a substrate ether by absorption
spectroscopy. Upon addition of Cs,COjs to the solution of 1a, a new absorption peak with Amax
at 320 nm appeared (Figure 3h), indicating a weak but non-negligible interaction between
Cs2CO3and 1a. Because la does not contain any acidic protons, we assumed that a Lewis
acidic Cs cation coordinates to the ether oxygen lone pair to enhance the electron accepting
ability of 1a (see Supporting Information for a more detailed discussion).!® This assumption
does not contradict the fact that the switch from Cs to a weaker Lewis acid potassium counter
cation caused a drop in yield (Table 1, entries 3 vs 4). Additionally, owing to this
bathochromic shift of la absorption caused by Cs;COs, the emission spectrum of the
employed LED lamp overlaps, albeit marginally, with the absorption spectrum of 1a (Figure
S2). It is surmised that this overlap results in the photochemical C-O bond cleavage (10%
yield) of 1a in the absence of a photocatalyst, probably via homolytic bond scission (Table 1,
entry 13).1°
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Figure 3. Study of the effects of Cs,COs. (a,b) Changes in the UV-vis absorption of PC3 and
PC1. (c) Changes in the 'H NMR spectra of PC3; solvent: DMSO. (d) Changes in the
fluorescence spectra of PC3. The measurements were conducted after the intervals indicated

in the legend after the addition of Cs;COs3; solvent: DMSO. (e) PC3 solution 55 min after the

addition of Cs,COj3 (corresponding to the purple spectrum in Figure 3d), which was mixed by

shaking. Changes in the fluorescence spectra were observed before (purple) and after (red)

shaking; solvent: DMSQO. (f) Excitation spectra of PC3 in the presence of Cs;CQOj3attained by

observing fluorescence at 450 and 560 nm; solvent: DMSO. (g) Fluorescence quenching

experiment of PC3 with quencher candidates (1a or CHD); solvent: DMSQO, Ex: 365 nm. (h)

Changes in the UV-vis absorption of 1a. See Experimental section for more detail.

Scheme 1. Analysis of the co-products




LED (Amax = 400 nm)

OMe OMe
PC3 (5 mol%)
o\/©/ Cs,C0; (2.0 equiv) OH OMe O CHO
CHD (2.0 equiv)
> NC MeO
NC MeO
2b 3 4 s

DMSO, 23 °C, 36 h
1l >99% yield 22% yield 30% yield trace

To determine the outcome of the cleaved benzyl counterpart, quantitative analysis of the
co-products generated along with the phenol products was carried out for the photochemical
reaction of 11 (Scheme 1). p-Methoxytoluene (3) and 4,4’-dimethoxybibenzyl (4) were
observed in 22% and 30% yields, respectively. The formation of 4 is firm evidence of the
formation of a benzylic radical. Anisaldehyde (5) was also generated, albeit in trace amounts,

probably via oxidation of the benzyl radical to the benzyl cation followed by DMSO oxidation.
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Figure 4. Proposed reaction mechanism

Based on the above experimental results, a catalytic mechanism for the C-O bond cleavage
of ethers using PC3 is proposed (Figure 4a with substrate 1a as a representative example) as
follows: The PC3 N-H proton interacts via hydrogen bonding with a carbonate anion to form
complex 6. Photoirradiation of 6 generates excited state 7, which exhibits a high reducing
ability. Substrate ether 1a coordinates with the Lewis acidic Cs cation to form complex 8,
which is a better electron acceptor than la. Subsequent electron transfer from 7 to 8 affords

phenoxide 9 and benzyl radical 10. This process involves a proton-coupled electron transfer



(PCET) mechanism? that diminishes the required energy barrier. The resulting neutral
radical 11 is a strong hydrogen atom acceptor, which undergoes hydrogen atom transfer
(HAT) with CHD or DMSO solvent, thereby regenerating 6. As alternatives to the PCET
mechanism, the pathways in which deprotonation and SET occur stepwise are possible (Eq.
1 and 2). Benzyl radical 10 is mainly converted to 15 via dimerization or to toluene (16) via
HAT with CHD (Figure 4b). Part of 10 is converted to benzaldehyde 18 via benzyl cation 17.
Throughout the process, CHD serves as a good hydrogen atom donor with its low BDE (76.0
kcal mol ) as the driving force.?! Radical species 12, which is generated from CHD after the
HAT event, operates as a good electron donor. The photochemical reaction proceeded even
in the absence of CHD, however, in lower yield (Table 1, entry 10). We speculated that in
this case, DMSO (BDE = 94 kcal mol')?? serves as a hydrogen atom donor to react with 11
[BDE (carbazole N-H) = 92.7 kcal mol'].?* Given that the C—O bond cleavage of 1a occurred,
although sluggishly, even in the absence of Cs;CO3 (Table 1, entry 17), we supposed that a
simple photoredox cycle without the involvement of Cs,COs3 should also exist as a minor

pathway (Figure 4c).

Conclusion

In conclusion, we have developed a photocatalytic reductive cleavage of the C-O bond in
alkyl aryl ethers using a visible-light-active carbazole derivative as an organic photocatalyst.
The ether C-O bonds of both benzylic and non-benzylic aryl ethers were cleaved to afford
phenol derivatives in good yields. The reaction was proposed to occur via SET from the
excited-state carbazole to the substrate ether. The superior activity of the /N-H carbazole
photocatalyst over that of the MN-alkyl variant, in the presence of a base, together with
supporting spectroscopic data suggested a deprotonation-assisted electron transfer

mechanism to achieve this otherwise formidable SET event.

Experimental Section

General All reactions were carried out in well-cleaned and oven-dried glassware with
magnetic stirring. Operations were performed under an atmosphere of dry argon using
Schlenk and vacuum techniques. The heated reactions were conducted using oil baths and the
oil bath temperatures are indicated. The photochemical reactions were conducted using self-
manufactured LED lamp sets (see the Supporting Information for details). 'H and *C{'H}
NMR spectra (400 and 100 MHz, respectively) were recorded on a Bruker Avance II1 HD 400
using TMS (0 ppm) and CDCI; (77.0 ppm) in CDCI; and residual MeOH (3.31 ppm) and
CD;OD (49.00 ppm) in CD3;OD as internal standards, respectively. The following

abbreviations are used in connection with NMR: d = doublet, t = triplet, and m = multiplet.



Preparative column chromatography was performed using Kanto Chemical silica gel 60 N
(spherical, neutral). Thin layer chromatography (TLC) was carried out on Merck 25 TLC
silica gel 60 Fas54 aluminum sheets. All starting materials were obtained from commercial
sources unless otherwise noted. Photoluminescence spectra were recorded on a
spectrofluorometer (Jasco FP-6500) with a quartz absorption cuvette (light path: 1 cm). UV-
vis spectra were recorded on a Jasco V-670 spectrophotometer with a quartz absorption
cuvette (light path: 1 cm). Cyclic voltammetric measurements were performed at 298 K on an
ALS CHI606S electrochemical analyzer, using a solvent deaerated by Ar bubbling for 30 min
before each measurement. The supporting electrolyte was 0.10 M TBACIO,. A conventional
three-electrode cell with a platinum working electrode and platinum wire as the counter
electrode was employed. The cyclic voltammograms were recorded with respect to the
Ag/AgNO; (10 mM) reference electrode at a sweep rate of 50 mV/s. The reduction or
oxidation potentials (determined as the peak potentials) were corrected to the SCE scale
based on the measurement of the Fc/Fc* couple redox potential as the standard (0.43 V vs
SCE).?* RP-HPLC analyses were performed using a Hitachi High-Tech LaChrome Elite high-
performance liquid chromatograph equipped with a Mightysil RP-18 GP Aqua 150 x 4.6 mm
(5 um) column. The calibration curve was constructed using anisole as the internal standard.

Synthesis of PC3'® Pdy(dba); (28.2 mg, 0.031 mmol, 1 mol%), RuPhos (34.5 mg, 0.074 mmol,
2.4 mol%), and THF (3 mL) were added into a Schlenk tube. The mixture was stirred at 80 °C for 15
min. After cooling, a solution of 3,6-dibromocarbazole (1.0 g, 3.08 mmol, 1.0 equiv) in THF (6 mL)
was added, followed by dimethylamine hydrochloride (0.75 g, 9.2 mmol, 3.0 equiv), LIHMDS (3.60
g, 21.5 mmol, 7.0 equiv), and THF (6.4 mL). The mixture was stirred at 90 °C for 8 h. After the reaction
was completed, 40 mL of 1 M HCI aq. was added to quench the reaction. The resultant mixture was
washed five times with dichloromethane. Next, sat. NaHCOj aq. was added to the water layer to basify
the solution, and the solid was precipitated. The mixture was extracted with dichloromethane four
times and the combined organic layer was dried over NaxSOy, filtered, and concentrated under reduced
pressure. The crude product was purified by chromatography on silica gel (hexane : ethyl acetate =2 :
1) to afford a pale green solid (0.58 g, 75% yield). It should be noted that gaseous dimethylamine is
generated during the reaction and the result of this reaction is susceptible to variation, depending on
the used apparatus and reaction scale. The use of a Schlenk tube rather than a round-bottomed flask
with a reflux condenser is therefore recommended. Moreover, monitoring the reaction by TLC in the
middle of the reaction should be avoided because dimethylamine may escape from the reaction vessel
when the flask is opened.

Synthesis of ethers Substrates 1a, 1c-f, 1h, and 1s are commercially available. Other ethers
were synthesized according to the literature.?® Descriptions of the general procedures ensue.

General procedure A. Benzyl bromide (1.5 equiv) was slowly added to a solution of phenol derivative



(3.0-7.5 mmol, 1.0 equiv) and K>COs (3.0 equiv) in DMF or CH3CN (0.38 M) at room temperature.
After the addition was completed, the mixture was stirred at the indicated temperature and
subsequently cooled to room temperature. Next, water was added and the mixture was extracted three
times with ethyl acetate. The combined organic layer was washed with brine, dried over Na>SOs,
filtered, and concentrated under reduced pressure. The crude product was purified by chromatography
on silica gel or recrystallization with a mixed hexane/ethyl acetate solvent to produce the
corresponding benzyl ethers.
General procedure B. K,COs3 (2.0 equiv) was added to a solution of phenol derivative (6.0-13.1 mmol,
1.0 equiv) and 4-methoxybenzyl chloride (1.3 equiv) in DMF (1.0 M) at room temperature. After the
addition was completed, the mixture was stirred at room temperature for the period indicated below.
The mixture was then poured into ice-cooled water and subsequently warmed to room temperature.
The formed solid was filtered and dissolved in ethyl acetate or dichloromethane. The solution was
dried over Na SOy, filtered, and concentrated under reduced pressure. The crude product was purified
by recrystallization with ethanol or a mixed hexane/ethyl acetate solvent to produce the corresponding
p-methoxybenzyl ethers.

4-Benzyloxybenzonitrile (1b)*° According to general procedure A, the title compound was
prepared in DMF at 60 °C for 1 h. The crude product was purified by chromatography on silica gel
(hexane : ethyl acetate = 10 : 1) to afford a white solid (1.44 g, 93%)).

4-Benzyloxy-1,1’-biphenyl (1g)*’ According to general procedure A, the title compound was
prepared in CH3CN at room temperature for 21 h. The crude product was purified by recrystallization
with hexane and ethyl acetate to afford a white solid (1.28 g, 82%).

1-Benzyloxynaphthalene (1i)>* According to general procedure A, the title compound was
prepared in CH3CN at 85 °C for 1 h. The crude product was purified by chromatography on silica gel
(hexane : ethyl acetate = 100 : 1) to afford a white solid (0.20 g, 29%).

2-Benzyloxynaphthalene (1j)*® According to general procedure A, the title compound was
prepared in CH3CN at 85 °C for 1 h. The crude product was purified by recrystallization with hexane
and ethyl acetate to afford a white solid (0.31 g, 44%).

1-Methoxy-4-(phenoxymethyl)benzene (1k)*° According to general procedure B, the title
compound was prepared for 18 h. The crude product was purified by recrystallization with ethanol to
afford a white solid (1.79 g, 79%).

4-(4-Methoxybenzyloxy)benzonitrile (11)*° According to general procedure B, the title compound
was prepared for 19 h. The crude product was purified by recrystallization with hexane and ethyl
acetate to afford a white solid (0.99 g, 69%).

Methyl 4-(4-methoxybenzyloxy)benzoate (Im)>® According to general procedure B, the title
compound was prepared for 17 h. The crude product was purified by recrystallization with ethanol to

afford a white solid (3.08 g, 86%).



1-(4-Methoxybenzyloxy)naphthalene (In)*>>* According to general procedure B, the title
compound was prepared for 7 h. The crude product was purified by recrystallization with hexane and
ethyl acetate to afford a pale orange solid (0.67 g, 42%).

2-(4-Methoxybenzyloxy)naphthalene (10)*° According to general procedure B, the title compound
was prepared according to general procedure B for 7 h. The crude product was purified by
recrystallization with hexane and ethyl acetate to afford a white solid (1.11 g, 70%).

Benzyl pentyl ether (Ip)’' Pentan-1-ol (2.4 mL, 22.6 mmol, 1.1 equiv) was added to a suspension
of NaH (dry, 984 mg, 41 mmol, 2 equiv) in THF (41 mL) at 0 °C. After H, gas evolution ceased (2
h), benzyl bromide (2.5 mL, 20.5 mmol, 1 equiv) was added dropwise at 0 °C. The reaction mixture
was then stirred for 18 h at 26 °C. The reaction was quenched with water, and the mixture was extracted
with Et;O three times. Next, the solution was dried over MgSQOs, filtered, and concentrated under
reduced pressure. The crude product was purified by chromatography on silica gel [hexane to
hexane/ethyl acetate (50/1)] to afford 1p (3.41 g, 84%).

4-Dodecyloxybenzonitrile (1q)** K2CO;3 (4.64 g, 33.6 mmol, 5.6 equiv) was added to a solution of
4-cyanophenol (0.71 g, 6.0 mmol, 1.0 equiv) and dodecyl bromide (1.73 mL, 7.2 mmol, 1.2 equiv) in
acetone (40 mL, 0.15 M) at room temperature, under air. The mixture was stirred at 60 °C for 17 h.
After the reaction was completed, the mixture was cooled to room temperature and poured into ice-
cooled water. The solid was then filtered and dissolved in ethyl acetate. Next, the solution was dried
over NaSQy, filtered, and concentrated under reduced pressure. Finally, the crude product was
purified by chromatography on silica gel (hexane to ethyl acetate) to afford a white solid (1.30 g, 75%).

4-Isopropyloxybenzonitrile (1r)** K,COs (4.64 g, 33.6 mmol, 5.6 equiv) was added to a solution
of 4-cyanophenol (0.71 g, 6.0 mmol, 1.0 equiv) and 2-iodopropane (0.72 mL, 7.2 mmol, 1.2 equiv) in
acetone (40 mL, 0.15 M) at room temperature, under air. The mixture was then stirred at 60 °C. After
73 h, another 2-iodopropane (0.36 mL, 3.6 mmol, 0.6 equiv) was added, and the mixture was stirred
for a further 6 h. After the mixture was cooled to room temperature, it was concentrated under reduced
pressure. Ethyl acetate was then added, and the mixture was washed twice with water and once with
brine. The organic layer was dried over Na>SQOs, filtered, and concentrated under reduced pressure.
The crude product was purified by chromatography on silica gel (hexane : ethyl acetate = 10 : 1) to
afford a colorless oil (0.94 g, 97%).

Optimization of the photochemical C-0 bond cleavage of 1a (Table 1) General procedure: 1a
(0.50 mmol, 1.0 equiv), photocatalyst (5 mol%), 1,4-cyclohexadiene (2 equiv), and the solvent (5.0
mL, 0.1 M) were added into a Pyrex glassware vessel. The mixture was deaerated by bubbling argon
for 10 min, after which the base (2 equiv) was added. The mixture was then irradiated with a 400 nm
LED lamp at 23 °C for 24 h or 48 h, except in entry 19 where the reaction was stirred in the dark. The
yield was determined by '"H NMR or RP-HPLC analysis using 1,3,5-trimethoxybenzene and anisole

as internal standards, respectively.



Photochemical C-0 bond cleavage of ethers (Table 2) General procedure: Substrate ether (0.50
mmol, 1.0 equiv), PC3 (6.3 mg, 0.025 mmol, 5 mol%), 1,4-cyclohexadiene (93.5 uL, 1.0 mmol, 2.0
equiv), and DMSO (5.0 mL, 0.1 M) were added into a Pyrex glassware vessel. The mixture was
deaerated by bubbling argon for 10 min, after which Cs>COs3 (325.8 mg, 1.0 mmol, 2.0 equiv) was
added. Subsequently, the mixture was irradiated with a 400 nm LED at 23 °C for the indicated time
(see main Table 2). Next, 1 M HCI aq. was added to the reaction mixture to adjust the pH to 3 and the
resultant mixture was extracted with ethyl acetate three times. The combined organic layer was washed
once with brine, dried over Na>SOs, and filtered. The filtrate was then concentrated under reduced
pressure. For the non-volatile compounds, the residue was purified by chromatography on SiO; to
afford the corresponding alcohols. For the volatile compounds, the indicated internal standard was
added to the residue and the mixture was analyzed by 'H or '°F NMR or by RP-HPLC to determine
the yield. All the products in this study (2a—k) are characterized by comparison with commercially
available authentic samples.

Entry 1, Table 2 According to the general procedure, 4-cyanophenol (2b) was obtained (59 mg,
99 % yield, brown solid).

Entry 1, Table 2 (2 mmol scale) Substrate 1b (0.42 g, 2.0 mmol, 1.0 equiv), PC3 (25 mg, 0.10
mmol, 5 mol%), 1,4-cyclohexadiene (374 pL, 4.0 mmol, 2.0 equiv), and DMSO (20 mL, 0.1 M) were
added into a Pyrex glassware vessel. The mixture was deaerated by bubbling argon for 10 min, after
which Cs,CO3 (1.30 g, 4.0 mmol, 2.0 equiv) was added. Subsequently, the mixture was irradiated with
a 400 nm LED at 23 °C for 29 h. Next, 1 M HCI aq. was added to the reaction mixture to adjust the
pH to 3 and the resultant mixture was extracted with ethyl acetate three times. The combined organic
layer was washed once with brine, dried over Na,SOs, and filtered. The filtrate was then concentrated
under reduced pressure. The residue was purified by chromatography on SiO> to afford 2b (0.23 g,
98%, brown solid).

Entry 2, Table 2 According to the general procedure, methyl 4-hydroxybenzoate (2¢) was obtained
(77 mg, >99% yield, yellow solid).

Entry 3, Table 2 According to the general procedure, 4-hydroxybenzaldehyde (2d) was obtained
(69% yield). The yield was determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as the
internal standard.

Entry 4, Table 2 According to the general procedure, 4-fluorophenol (2e) was obtained (68% yield).
The yield was determined by '°F NMR analysis using fluorobenzene as the internal standard.

Entry 5, Table 2 According to the general procedure, 4-acetylphenol (2f) was obtained (29 mg,
43 % yield, pale orange solid).

Entry 6, Table 2 According to the general procedure, 4-hydroxybiphenyl (2g) was obtained (60
mg, 70 % yield, white solid). 'H NMR (400 MHz, CDs;OD): § = 7.52 (m, 2H), 7.43 (dt, J = 9.2 Hz,
2.6 Hz, 2H), 7.37 (tt, J= 7.8 Hz, 1.8 Hz, 2H), 7.24 (tt, 7.2 Hz, 1.6 Hz, 1H), 6.34 (dt, 9.2 Hz, 2.4 Hz,



2H) ppm; C{'H} NMR (100 MHz, CDs;OD): & = 158.2, 142.4, 133.8, 129.7, 129.0, 127.4, 127.4,
116.6 ppm.

Entry 7, Table 2 According to the general procedure, 4-methoxyphenol (2h) was obtained (25 mg,
40% yield, yellow solid).

Entry 8, Table 2 According to the general procedure, 1-naphthol (2i) was obtained (55% yield).
The yield was determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as the internal standard.

Entry 9, Table 2 According to the general procedure, 2-naphthol (2j) was obtained (45 mg, 62%
yield, brown solid).

Entry 10, Table 2 According to the general procedure, phenol (2a) was obtained (51% yield). The
yield was determined by RP-HPLC analysis using anisole as the internal standard.

Entry 11, Table 2 According to the general procedure, 4-cyanophenol (2b) was obtained (56 mg,
93% yield, pale yellow solid).

Entry 12, Table 2 According to the general procedure, methyl 4-hydroxybenzoate (2¢) was
obtained (60 mg, 78% yield, pale yellow solid).

Entry 13, Table 2 According to the general procedure, 1-naphthol (2i) was obtained (35 mg, 48%
yield, brown solid).

Entry 14, Table 2. According to the general procedure, 2-naphthol (2j) was obtained (31 mg, 43%
yield, orange solid).

Entry 15, Table 2 According to the general procedure, pentan-1-ol (2k) was obtained (15% yield).
The yield was determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as the internal standard.

Entry 16, Table 2. According to the general procedure, 4-cyanophenol (2b) was obtained (>99 %
yield). The yield was determined by '"H NMR analysis using 1,3,5-trimethoxybenzene as the internal
standard.

Entry 17, Table 2 According to the general procedure, 4-cyanophenol (2b) was obtained (54 mg,
90% yield, pale brown solid).

Entry 18, Table 2 According to the general procedure, 4-cyanophenol (2b) was obtained (56 mg,
94% yield, brown solid).

Study of the effects of Cs:CO3 (Figure 3). The DMSO in the ensuing experiments was deaerated
by bubbling argon and employed in a glove box.

Changes in the UV-vis absorption of PC3 (Figure 3a). A 0.1 mM solution of PC3 in DMSO was
prepared and transferred to a quartz cuvette. The cuvette was removed from the glove box and
subjected to UV-vis absorption analysis. For the sample with Cs,CO3, Cs>CO3 (200 mg) was added to
3 mL of 0.1 mM DMSO solution of PC3 in a quartz cuvette in a glove box. The suspension was then
shaken and removed from the glove box. Five minutes after shaking, the insoluble Cs>COj residue
settled at the bottom of the cuvette, after which the sample was subjected to UV-vis absorption analysis.

Changes in the UV-vis absorption of PC1 (Figure 3b). A 0.1 mM solution of PC1 in DMSO was



prepared and transferred to a quartz cuvette in a glove box. The cuvette was removed from the glove
box and subjected to UV-vis absorption analysis. For the sample with Cs,CO3, Cs>CO3 (200 mg) was
added to 3 mL of 0.1 mM DMSO solution of PC1 in a quartz cuvette in a glove box, after which the
suspension was shaken and removed from the glove box. Five minutes after shaking, the insoluble
Cs2COs residue settled at the bottom of the cuvette and the sample was subjected to UV-vis absorption
analysis.

Changes in the '"H NMR spectra of PC3 (Figure 3¢c) A 5 mM solution of PC3 in DMSO was
prepared and transferred to an NMR tube in a glove box. The tube was removed from the glove box
and subjected to '"H NMR analysis. For the sample with Cs,CO3, Cs2CO3 (200 mg) was added to 2.5
mL of 5 mM DMSO solution of PC3 in a screw vial in a glove box. The mixture was shaken, and 0.7
mL of the resultant suspension was transferred to an NMR tube. The tube was removed from the glove
box and left to stand until the insoluble Cs>COj residue settled at the bottom of the NMR tube. The
sample was then subjected to 'H NMR analysis.

Changes in the fluorescence spectra of PC3 (Figure 3d). In a glove box, Cs;CO3 (200 mg) was
added to 3 mL of 5 uM DMSO solution of PC3 in a quartz cuvette. The suspension was shaken and
removed from the glove box. Five minutes after shaking, the insoluble Cs,COj residue settled at the
bottom of the cuvette and the sample was subjected to fluorescence measurement analysis (Ex.: 365
nm). The measurements were conducted at the intervals indicated in Figure 3d.

Reversibility of the interaction between PC3 and Cs;COs (Figure 3e). In a glove box, Cs,CO3
(200 mg) was added to 3 mL of 5 uM DMSO solution of PC3 in a quartz cuvette. The suspension was
shaken and removed from the glove box. Fifty minutes after shaking, the sample was subjected to
fluorescence measurement analysis. Next, the sample was shaken and left to stand until the insoluble
Cs2CO; residue settled at the bottom of the cuvette. The sample was then subjected to fluorescence
measurement analysis (Ex.: 365 nm).

Excitation spectra of PC3 in the presence of Cs;CO; (Figure 3f). In a glove box, Cs2CO3 (200
mg) was added to 3 mL of 5 uM DMSO solution of PC3 in a quartz cuvette. The suspension was
shaken and removed from the glove box. Five minutes after shaking, the insoluble Cs>CO; residue
settled at the bottom of the cuvette. The excitation spectra were measured by monitoring the
fluorescence at 450 and 560 nm.

Fluorescence quenching experiments of PC3 with quencher candidates (1a or CHD; Figure 3g).
DMSO solutions of a mixture of PC3 (5 uM) and the indicated concentration of 1a or CHD were
prepared in a glove box, and 3 mL of each solution was transferred to separate quartz cuvettes. For the
samples with Cs,CO3, in a glove box Cs,CO3 (200 mg) was added to 3 mL of the solution prepared as
mentioned above in a quartz cuvette. The samples were then removed from the glove box. The samples
were excited at 365 nm and the fluorescence intensity at 447 nm was plotted, except for the samples

containing PC3, CHD, and Cs,COs3 (green line in Figure 3g), where the fluorescence intensity at 490



nm (isofluorescent point) was plotted because the red-shifted species persisted during measurement.
Changes in the UV-vis absorption of la (Figure 3h) A 0.1 M solution of 1a in DMSO was
prepared and transferred to a quartz cuvette in a glove box. The cuvette was removed from the glove
box and subjected to UV-vis absorption analysis. For the sample with Cs,CO3, Cs>CO3 (200 mg) was
added to 5 mL of a 0.1 M DMSO solution of 1a in a quartz cuvette in a glove box. The suspension
was shaken and left to stand until the insoluble Cs>COs residue settled at the bottom of the cuvette.

The cuvette was removed from the glove box, and subjected to UV-vis absorption analysis.
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