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Abstract: Herein we report a study on the use of donor-acceptor
cyanoarenes as photocatalysts for C-O and C-N coupling reactions
promoted by nickel. We found that some of these stable and readily
available organic compounds can replace the precious metal
photocatalysts originally employed in these methodologies. After
reaction optimization, the application scope of the best performing
dyes was investigated and found to cover several nucleophiles
(alcohols and amines) and aryl bromides. Control experiments,
fluorescence quenching studies and examination of yield trends
suggest that both etherification and amination probably proceed via a
dark Ni'/Ni"-catalytic cycle initiated and sustained by a photoredox
cycle involving the organic photocatalysts.

Introduction

Originally developed as OLED emitters,¥ donor-acceptor (D-A)
cyanoarenes have risen to one of the most important classes of
organic dyes for applications in (metalla)photoredox catalysis,?
owing to several attractive features. Firstly, they possess spatially
separated frontier molecular orbitals enabling the thermally-
activated delayed fluorescence (TADF) mechanism,[2] which
ensures relatively long excited state lifetimes (1-10 ps range for
the delayed component). Additionally, as shown by Zhang,[*!
Zeitler®™ and others,® their modular structure allows to tune the
photophysical and redox properties by varying number, type and
position of the donor substituents connected to the cyanoarene
core. Finally, unlike many other organic dyes, D-A cyanoarenes
are robust neutral molecules, mostly accessible in one step from
cheap commercial compounds and easy to purify by either
recrystallization or chromatography.

Dual nickel/photoredox catalysis,[”] introduced by the seminal
contributions of Doyle-MacMillan® and Molander,¥ is one of the
main areas in which D-A cyanoarenes have been successfully
applied to replace the expensive Ru- and Ir-photocatalysts.
Perhaps surprisingly, however, most reported applications are in
C-C coupling reactions,*56e 10.11. 121 \whereas only a few
applications to C-Ol*® and C-S bond formation*4 are known, and
C-N coupling is yet substantially uncovered.*"!

Herein, we report the use of D-A cyanoarenes as photocatalysts
to promote the nickel-catalyzed cross-coupling of amines and
alcohols to aryl bromides.

Results and Discussion

We synthesized a small library of D-A cyanoarenes (Figure 1 A)
in one step following the protocols developed by Zhang
(4CzIPN), Zeitler (3CzCIIPN, 3DPAFIPN, 5CzBN,
3DPA2FBN),®  Wickens (4DPAIPN)l ¢ 1 and Bergens
(3CzFIPN).17]

The organic dyes were screened in two Ni-catalyzed cross-
coupling reactions between an aryl bromide and, respectively, n-
hexanol (Figure 1 B) and pyrrolidine (Figure 1 C) under blue light
irradiation — i.e., similar conditions to the ones adopted by
MacMillan and co-workers in the presence of Ir-photocatalysts. !
Delightfully, high yields were obtained in both reactions with some
D-A cyanoarenes, the best performing ones being different in C-
O and in C-N coupling. For each type of cross-coupling we carried
out reaction conditions optimization, assessment of substrate
scope, and preliminary mechanistic investigation.
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Figure 1. A. D-A cyanoarene dyes employed in the present study. B. Screening of the photocatalysts (PCs) in a model C-O coupling reaction. C. Screening of the

PCs in a model C-N coupling reaction. Before visible light irradiation, the reaction mixture was subjected to three freeze/thaw cycles, backfilling with dry nitrogen.

Yields were determined by *H NMR using 1,3,5-trimethoxybenzene as internal standard. dtbbpy = 4,4'-di-tert-butyl-2,2'-dipyridy!.

Table 1. Control experiments and optimization of C-O coupling.®

NiCly-glyme (5 mol%)
Br-
n-hex—OH + \©Y

dtbbpy (5 mol%)
4CzIPN (2 mol%)

O
n-hex
Quinuclidine (10 mol%)

1700 1000 Blue lad (456 nm) . 0
CH4CN, rt., 24 h

# Deviation from the conditions above Yield (%)
1 None 99
2 No light 0
3 No 4CzIPN 0
4 No NiClz-glyme 0
5 No ligand ol
6 No quinuclidine trace
7 Run under air trace
8 TMP (2 equiv.) instead of K2COs/quinuclidine 92
9 Acetone instead of CHsCN 98
10 DMF instead of CHsCN 93
11  DMA instead of CHsCN 91
12  DABCO instead of quinuclidine 0
13  TEA instead of quinuclidine trace
14 1.3 equiv. n-hexanol 94
15  4,4-dmbpy@ instead of dtbbpy 94
16  4CzIPN/ NiCl2-glyme / 4,4’-dmbpy (1 mol% each) 93
17 4CzIPN/ NiClz-glyme / 4,4’-dmbpy (0.5 mol% each) 91

& Before visible light irradiation, the reaction mixture was subjected to three
freeze/thaw cycles, backfilling with dry nitrogen. Yields were determined by *H
NMR using 1,3,5-trimethoxybenzene as internal standard; dtbbpy = 4,4’-di-tert-
butyl-2,2-dipyridyl. () Acetophenone formation detected (51% yield). ! TMP =
2,2,6,6-tetramethylpiperidine. @ 4,4’-dmbpy = 4,4’-dimethyl-2,2’-dipyridyl.

Some results of the C-O coupling optimization, using the reaction
between n-hexanol and 4-bromoacetophenone as model, are
shown in Table 1 (see the Supporting Information for additional
data). Experiments carried out in the absence of a single
component show that light, photocatalyst, NiCl,-glyme, bipyridine
ligand and quinuclidine are all indispensable ingredients (Table 1,
entries 2-6). Working under air with non-degassed solvents
determined a substantial drop of the yield, with only traces of 1a
formed (entry 7). Replacing K,CO3; and quinuclidine (Q) with 2
equiv. of 2,2,6,6-tetramethylpiperidine (TMP), featuring a redox
potential similar to quinuclidine (E (TMP**/TMP) = 1.00 V vs.
SCE;M E (Q**/Q) = 1.1 V vs. SCEP) |ed to a slightly decreased
but still good yield (entry 8). High yields were obtained in several
polar solvents, such as acetone, DMF and DMA (entries 9-11).
While dtbbpy can be replaced with other bipyridines such as 4,4’-
dmbpy (entry 15), quinuclidine is the only tertiary amine which

allows product formation (entries 12-13 vs. 1). Use of a lesser
excess of n-hexanol led to a slightly lower yield (entry 14 vs. 1).
Notably, the loading of nickel catalyst and photocatalyst can be
lowered to 0.5 mol% without significantly eroding the yield (entries
16-17 vs. 15). Finally, using light of different wavelengths within
the 390-456 nm range gave essentially the same results (see the
Supporting Information). This is not surprising because, from the
measured extinction coefficients (see Table S2 in the Supporting
Information), we infer that, at the PC concentration used in the
photocatalytic experiments, strong absorption should be ensured
for all dyes even at A = 456 nm.

With the two best performing dyes, i.e. 4CzIPN and 3CzFIPN, we
investigated the C-O coupling scope obtaining the results shown
in Scheme 1 (for each product only the best result is shown, see
Table S12 for more data). Several primary alcohols, except the
poorly nucleophilic 2,2,2-trifluoroethanol, gave high yields in the
coupling to 4-bromoacetophenone (Scheme 1 A). Secondary and
benzylic alcohols were also found to be competent nucleophiles,
whereas no product formation was detected with tertiary alcohols,
phenols and water (Scheme 1 C). Electron neutral and electron
poor aryl bromides and heteroaryl bromides, with the exception of
sterically hindered ortho-substituted substrates (Scheme 1 C),
reacted smoothly with 1-hexanol (Scheme 1 B). The electron rich
bromides were found less reactive, giving lower yields, whereas
benzylic bromides and aryl chlorides failed at all to react in C-O
coupling under our experimental conditions (Scheme 1 C).

As 3CzFIPN is the only D-A cyanoarene of the library used in this
study whose photo- and electrochemical properties had not been
reported, we studied them obtaining the data shown in Table 2

(see the Supporting Information for key photo- and
electrochemical parameters of all the library).
Table 2. Photo- and electrochemical parameters of dye 3CzFIPN.
Eoo 2.70 eV Eiz (PC*PC*") 1.59 Vil
Prompt fluorescence 7.2 ns Eonset (PC**/PC*)  -1.06 V&
lifetime (7p)
Delayed fluorescence 760 ns Eonset (PC**/PC) 1.64 VA
lifetime (7a)
€ at 456 nm 621 Mtcm? E12 (PC/PC*) -1.11 v

1a Electrochemical potentials are referenced to the saturated calomel electrode
(SCE). Eun, for reversible or quasi reversible processes, indicates the half-wave
potential; Eonset, fOr irreversible processes, is referred to the potential which is at
5% of the peak height.



NiCl,.glyme (5 mol%)
R2 dtbbpy (5 mol%) R2
4CzIPN or 3CzFIPN (2mol%) 10 “Ray
[ ﬁ s
Quinuclidine (10 mol%) T
K,CO3 (1 equiv.) 1

Blue LED (456 nm)
CH3CN, r.t, 24 h

o._CF (o] (¢}
. T 0 o L) o L
Y@’ ﬁ Me
0 1c o 1d o) 1e 1f 1g
o] ¢}
PC: 3CzFIPN
Yield = 99% (87%)!

A
o
I
+
@
@g
, \
[ P
W
N

A. Nucleophile scope

M
QO\n-Hex ﬁo ©

o 1a (e} 1b

PC: 4CzIPN
Yield = 98% (89%)

PC: 4CzIPN
Yield = 60% (50%)

PC: 3CzFIPN
Yield = 99% (88%)

PC: 3CzFIPN
Yield = 99% (89%)!

PC: 4CzIPN
Yield = 96% (83%)

PC: 3CzFIPN
Yield = 94% (82%)!

B. Aryl halide scope

(0N
@’ n-Hex
1h
PC: 3CzFIPN
Yield = 94% (84%)

(o}
(ON “n-H
@ n-Hex @ n i
CHO 1n 10

CHO

C. Unreactive substrates:

OH
H,0 >< R
OH
NH, Me
[ ] /@iBr
M M Br O
B 5 e
PC: 3CzFIPN PC: 3CzFIPN PC: 3CzFIPN

o)
5r CN E
cl al
Yield = 17% (15%)  Yield = 75% (55%) Yield = 99% (90%)

Scheme 1. Substrate scope investigation in C-O coupling (data obtained with the best performing PC are shown). A. Nucleophile scope. B. Aryl halide scope. C.
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Unreactive substrates (yield < 5%). Before visible light irradiation, the reaction mixture was subjected to three freeze/thaw cycles, backfilling with dry nitrogen.
Isolated yields are shown in brackets, whereas NMR yields (outside brackets) were determined by *H NMR analysis of the reaction crudes using 1,3,5-
trimethoxybenzene as internal standard. & 1.7 equiv. of alcohol used. ! 4 equiv. of alcohol used.

Yields of the model C-O coupling reaction (Figure 1 B) and photo/  quite strongly positive [E (Q**/Q) = 1.1 V vs. SCE in CH3CN],2%
electrochemical properties of the dyes were confronted to identify ~ which may indicate a pivotal role of this oxidation step during the
possible trends (see also the Supporting Information).
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Figure 3. Stern-Volmer plots of delayed lifetimes (excitation at 375 nm,

Ni" oxidation is characterized by relatively low-demanding
potentials: Ey, (Ni"/Ni") = 0.83 V vs. SCE for (dtbppy)Ni'(2,4-
bis(CF3)CeHs)(OCH,CF3),®®1  and 0.70 V vs. SCE for
Ni'"(Mes)(OMe)(bpy)."" In contrast, the oxidation of quinuclidine
(Q) is less easy, since the potential of the Q**/Q redox couple is

emission at 560 nm) in Ar-degassed acetonitrile. A. 4CzIPN (0.01 mM) in the
presence of quinuclidine (m) and NiClz(dtbbpy) (e). B. 3CzFIPN (0.01 mM) in
the presence of quinuclidine (A ) and NiClx(dtbbpy) (¢).

reaction. Quinuclidine oxidation may be performed by the
photocatalyst either in its excited state (reductive quenching of
PC*) or in the radical cation form (PC**) generated from the



oxidative quenching of PC*. We ran Stern-Volmer fluorescence
quenching experiments with both 4CzIPN (Figure 3 A) and
3CzFIPN (Figure 3 B) to ascertain which is the preferential
photocatalyst de-excitation route among the most likely ones, i.e.
by quinuclidine oxidation (reductive quenching) or by
NiCly(dtbbpy) reduction (oxidative quenching). The former
scenario is the most likely in both cases, as PC* is quenched by
quinuclidine more strongly than by NiClx(dtbbpy).

This finding seems in agreement with the mechanism proposed
by Nocera and co-workers for Ni/photoredox aryl bromide
etherification (see Scheme 2),1?? in which a photoredox catalytic
cycle involving PC* quenching by quinuclidine has the role to
activate and sustain a dark Ni'/Ni" cross-coupling cycle that is
otherwise deactivated by side reactions: the radical anion PC*-,
generated by quinuclidine oxidation, reduces Ni'"Cl,(dtbbpy) to the
catalytically active Ni' complex [we measured, for Ni"Cl,(dtbbpy),
E (Ni"/Ni") = -0.84 V as shown in the Supporting Information].

3 Base  Base-HBr * Possible deactivation paths: |
" RYH - Ni'/TA™* charge recombination |
- Ni'/Ni" comproportionation !
: - Br- abstraction by Ni' ‘
3 Ni"'ArBrx ;
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Scheme 2. Mechanism proposed for the Ni-catalyzed C-O and C-N cross-
coupling promoted by D-A cyanoarenes. PC = photocatalyst; TA (tertiary amine)
= quinuclidine (in C-O coupling) or DABCO (in C-N coupling).

Some results of the C-N coupling optimization are shown in Table

3, while additional data can be found in the Supporting Information.

We found that the reaction does not proceed in the absence of a
nickel source (Table 3, entry 4), and several different
complexes/salts can promote it (entries 14-16). Notably, identical
results are obtained in the presence and in the absence of a
bipyridine ligand (entry 16 vs. 15). Use of polar solvents different
from DMA gave slightly decreased but still satisfactory yields
(entries 7-9). To our surprise, the reaction proceeds also in the
dark (entry 2) and in the absence of photocatalyst (entry 3), albeit
in low yield. In sharp contrast with etherification, a good yield of

C-N coupling product was obtained when the reaction was run
under air (entry 6). Replacement of DABCO with other amine
bases/reductants led to a decrease of yield (Table 3, entries 12-
13 vs. 1), as did reduction of the stoichiometric amount (entries
10-11 vs. 1). Surprisingly, however, the reaction proceeded even
in the absence of DABCO, affording the product in 62% yield
(entry 5).

Under the optimized conditions the substrate scope of the C-N
cross-coupling was investigated using 3DPA2FBN and 5CzBN,
and the best obtained results are shown in Scheme 3 (see Table
S18 for additional data). Several N-nucleophiles were coupled to
4-bromobenzotrifluoride (Scheme 3 A), and moderate to good
yields were achieved with primary and secondary amines.

Table 3. Control experiments and optimization of C-N coupling.®

NiBr,-glyme (5 mol%)
CN‘@L
CF.

3DPA2FBN (2 mol%)

H Br.
0, S,
CF3 DABCO (1.8 equiv.),

Blue LED (456 nm) 2a 3
1.5 eq. 1.0eq. DMA, r.t., 16 h

# Deviation from the conditions above Yield (%)
1 None 99
2 No light 26
3 No 3DPA2FBN

4 No NiBrz-glyme

5 No DABCO 62
6 Run under air 95
7 DMF instead of DMA 95
8 CH3CN instead of DMA 92
9 THF instead of DMA 50
10 1 equiv. instead of 1.8 equiv. DABCO 63
11 1.5 equiv. instead of 1.8 equiv. DABCO 73
12 Quinuclidine instead of DABCO 54
13  TEAinstead of DABCO 31
14 Ni(cod): instead of NiBrz-glyme 99
15  NiClz-glyme instead of NiBrz-glyme 85
16  NiClz(dtbbpy) instead of NiBrz-glyme 85

1a Before visible light irradiation, the reaction mixture was subjected to three
Yields were determined by *H NMR using 1,3,5-
trimethoxybenzene as internal standard.

freeze/thaw cycles.
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Scheme 3. Substrate scope investigation in C-N coupling. A. Nucleophile scope. B. Aryl halide scope. C. Unreactive substrates (yield < 5%). Isolated yields are

shown in brackets, whereas NMR yields (outside brackets) were determined by *H NMR analysis of the reaction crudes using 1,3,5-trimethoxybenzene as internal

standard. ® 3 equiv. of amine used. ® 3-aminopropanol (1 equiv.); 4-bromobenzotrifluoride (2 equiv.). € 4-Chlorobenzotrifluoride used instead of 4-

bromobenzotrifluoride.

Notable exceptions to this trend are morpholine — which gave low
yield in sharp contrast to piperidine — and aniline, much less
reactive than the structurally related indoline.
Benzenesulfonamide also gave the coupling product in very low
yield (< 5%, Scheme 3 C). Using pyrrolidine as nucleophile, the
scope of aryl bromides was assessed (Scheme 3 B). The electron
poor aryl bromides formed the corresponding products — including
ortho substituted 20 — in good yields, whereas the electron neutral
substrates were slightly less reactive. Following this trend, the
substrates possessing an electron donor substituent gave the
cross-coupling products 2k and 2I in low yield (22% and 21%,
respectively, with 5CzBN). Remarkably, we found that also 4-
chlorobenzotrifluoride reacts with pyrrolidine to afford compound
2a in good yield (71%, Scheme 3 A), thus showing that the
methodology is potentially suitable for aryl chloride substrates.
Contrary to what observed for C-O coupling, no correlation
between yields and PC’s oxidizing power was observed for the
amination reaction (see the Supporting Information). This finding
is consistent with a photoredox mechanism?y where the PC
oxidizes DABCO (D), which has lower potential than quinuclidine
(Q) used in C-O coupling (E (D**/D) = 0.71 VI3l ys. SCE; E (Q**/Q)
= 1.1V vs. SCEPY). The oxidation of DABCO, which may involve
either the photoexcited photocatalyst (reductive quenching of
PC*) or its radical cation (reduction of PC**, deriving from
oxidative quenching of PC¥), is not as critical as quinuclidine
oxidation in C-O coupling. Instead, we found that the most
reducing dyes [i.e., with strongly negative E (PC**/PC*) and E

(PC/PC*") values] gave the best yields in C-N coupling, as can be
seen in Figure 4. Although control experiments showed that the
model reaction proceeds also in the absence of DABCO (see
Table 3, entry 5), it should be noted that the nucleophilic amine
itself is also able to reduce the photocatalyst [e.g., E
(pyrrolidine**/pyrrolidine) = 0.85 V vs. SCE in CH3CN].[?4
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Figure 5. Stern-Volmer plot of delayed lifetimes (excitation at 375 nm, emission
at 560 nm) of 5CzBN in the presence of DABCO (m), piperidine (¢) and 1:4
NiBr2-glyme/piperidine (e) in Ar-degassed DMA (N,N-dimethylacetamide).

We undertook experiments to identify the preferential de-
excitation pathway of PC*. 3DPA2FBN was not used for these
studies because we found that, under visible light irradiation (456
nm), it is gradually transformed into byproducts which were
identified by UPLC-MS (see the Supporting Information). From



time-resolved Stern-Volmer experiments carried out with 5CzBN
(Figure 5) it emerged that DABCO is by far the most effective
quencher of the photocatalyst. This finding is consistent with a
reductive quenching of PC* taking place, as postulated on the
basis of the redox potentials.

Based on these results, and considering that the model reaction
gives some conversion (yet very low) also in the absence of light
or photocatalyst (see Table 3, entries 2-3), we infer that also our
C-N coupling probably proceeds via a ‘dark’ Ni'/Ni"" catalytic cycle
triggered and sustained by a photocatalytic cycle involving
DABCO or other reductants present in the reaction environment
(see Scheme 2). This mechanism is similar to the one proposed
by MacMillan and co-workers for the same transformation run in
the presence of Ir photocatalysts.”?®! However, a mechanistic
scenario involving a Ni%Ni"/Ni"/Ni' catalytic cycle!*® cannot be
excluded with the data in our possess.

Conclusion

Using a library of seven D-A cyanoarenes, we have investigated
their catalytic activity in aryl bromide etherification and amination,
that had previously been carried out mostly with precious metal
photocatalysts. In both C-O and C-N coupling, several dyes have
shown a good catalytic activity and a sufficiently wide application
scope, allowing to establish a truly base metal catalytic
methodology of potential preparative utility. Examination of the
redox potentials of reagents and photocatalysts, yield trends and
Stern-Volmer experiments led us to propose, for both types of
reaction, a mechanism in which a photoredox catalytic cycle
initiates and sustains a Ni/Ni"" cycle involving oxidative addition
followed by reductive elimination.

Experimental Section
General remarks

The catalytic tests were performed in septum-sealed 10 mL microwave
vials. Irradiation was performed using Kessil PR160L lamps of the
specified wavelength while cooling with a fan to dissipate the heat
produced by the lamp. Analytical thin layer chromatography (TLC) was
carried out using commercial silica gel plates, spots were detected with UV
light and revealed either with cerium-ammonium molybdate or potassium
permanganate alkaline solution. Flash column chromatography was
performed using silica gel (60 A, particle size 40-64 pm) as stationary
phase, following the procedure by Still and co-workers.25! 'H NMR spectra
were recorded on a 400 MHz spectrometer.

General procedure for C-O cross-coupling

To a vial containing a stirring bar, the aryl halide (0.5 mmol, 1.0 equiv.),
potassium carbonate (69.8 mg, 0.5 mmol, 1 equiv.), photocatalyst (0.025
mmol, 0.05 equiv.) and quinuclidine (5.73 mg, 0.05 mmol, 0.1 equiv.) were
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added. The vial was sealed with a cap with septum and purged with
nitrogen for 2 min, then freshly distilled acetonitrile was added (1 mL). A
solution of NiClz-glyme (5.61 mg, 0.025 mmol, 0.05 equiv.) and 4,4’-di-tert-
butyl-2,2’-dipyridyl (6.85 mg, 0.025 mmol, 0.05 equiv.) in freshly distilled
acetonitrile (2 mL) was sonicated and added to the vial. At last, the alcohol
(0.85-2.0 mmol, 1.7-4 equiv.) was added, and the reaction mixture was
subjected to three freeze-pump-thaw cycles, backfilling with dry nitrogen.
The magnetically stirred reaction was run at room temperature for 24 h
under irradiation with a blue LED lamp (A = 456 nm; distance between lamp
and vial(s): 5 cm; a fan was used to dissipate the heat generated by the
lamp). 1,3,5-Trimethoxybenzene (42.1 mg, 0.25 mmol, 0.5 equiv.) — the
internal standard for *H NMR analysis — was added, and the reaction
mixture was stirred for 5 min. Water (10 mL) was added and then the
mixture was extracted three times with ethyl acetate. The combined
organic extracts were washed with brine, dried (Na2SO4) and then
concentrated. The crude mixture was analyzed by *H NMR and then
purified by flash column chromatography on silica gel to afford the desired
product.

General procedure for C-N cross-coupling

To a vial containing a stirring bar the photocatalyst (0.011 mmol, 0.02
equiv.) and DABCO (111.7 mg, 0.976 mmol, 1.8 equiv.) were added. The
vial was sealed and purged with nitrogen for 2 min, then dry DMA was
added (1.0 mL). The aryl bromide (0.542 mmol, 1 equiv.), the amine (0.813
mmol, 1.5 equiv.) and a solution of NiBrz-glyme (8.33 mg, 0.027 mmol,
0.05 equiv.) in DMA (1 mL) were added. The reaction mixture was
subjected to three freeze-pump-thaw cycles, backfilling with dry nitrogen.
The magnetically stirred reaction was run at room temperature for 16 h
under irradiation with a blue LED lamp (A = 456 nm; distance between lamp
and vial(s): 5 cm; a fan was used to dissipate the heat generated by the
lamp). 1,3,5-Trimethoxybenzene (45.6 mg, 0.271 mmol, 0.5 equiv.) — the
internal standard for *H NMR analysis — was added, and the reaction
mixture was stirred for 5 min. The reaction mixture was filtered through a
plug of silica (washing with Et20), then the volatiles were evaporated and
IH NMR analysis of the crude product was performed. The reaction
product was purified by flash column chromatography on silica gel.
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