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Generation of organic radicals from organometallic compounds is a key step in metallaphotoredox cross-coupling reactions.
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The ability of organoindium compounds to serve as sources of alkyl radicals under light promoted oxidative conditions is

described. Organoindium reagents were used in dual photocatalytic/nickel cross-coupling with aryl bromides. These

reagents can be conveniently obtained from primary, secondary and tertiary alkyl bromides and chlorides using novel

indium(l) bromide/lithium bromide system. Both steps, the formation of organoindiums and their cross-coupling are

insensitive towards air, moisture and tolerate wide variety of functional groups.

Introduction

Organometallic compounds involving alkyl lithium, magnesium
and zinc reagents have found widespread applications as
nucleophilic reagents.> However, the increased sensitivity of these
reagents to moisture and air, coupled with incompatibility of lithium
and magnesium reagents with crucial functional groups such as
hydroxyl, carbonyl group and nitrile, limits their applicability in
organic synthesis (Scheme 1A). In contrast, less polar boron, silicon
and tin reagents demonstrate tolerance to a multitude of functional
groups and can be handled in air, but they are poorly reactive and
require activation. The modern method of activation is conversion of
organometallics to a radical, which has expanded the synthetic
applications of alkyl boron3# and zinc>C reagents. The range of non-
polar reagents also includes organoindium compounds, which have
previously been considered to be rare reagents.!! It is located in close
proximity to tin in the periodic table, and therefore, chemical
properties of their organic derivatives are expected to be similar.
However, an indisputable advantage of organoindium reagents is
their low toxicity. 12 Another point is an opportunity to access alkyl
indium reagents directly from organic halides by insertion of indium
into the carbon-halide bond. However, the latent synthetic potential
of these reagents as source of radicals under photocatalytic
conditions has not yet been realized due to the low polarity of the C-
In bond and the limited scope of accessible alkyl indium reagents.

The preparation and synthetic applications of aryl,13-17 allyl,18
allenyl,*>2%and indium enolates?! have been well studied. This is due
to the ease of production and increased nucleophilicity of these
compounds. Despite the progress achieved with organoindiums
mentioned above, methods for the preparation and applications of
alkyl indium reagents are still limited. In earlier reports, they were s
prepared by transmetallation from  organolithium or
organomagnesium reagents.?223 Later, the reaction of alkyl halides
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with elemental indium was used, but due to low activity of indium
metal, additives have to be used such as copper,2*2 silver, 26 cobalt,?”
cesium? or indium?® salts, and elemental iodine3® (SchemelB).
Primary alkyl iodides were typically used, while reaction of primary
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Scheme 1. Organometallic reagents.
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alkyl chlorides was performed in the presence of lithium iodide
additive, which likely serves to generate more reactive alkyl iodides
via nucleophilic substitution.3! Of special note is that in all these
methods, there were only a few of secondary aliphatic alkyl indium
reagents have been used, which are obtained exclusively from
secondary alkyl iodides, while preparation of tertiary reagents from
tertiary alkyl halides is not known at all. In addition, these methods
require long reaction times, which also reflects the low reducing
power of indium metal. A more important aspect is that alkyl indium
compounds have only been used in palladium catalyzed cross-
couplings.32:33

Transition metal catalyzed cross-coupling reactions of organic
halides with organometallic reagents have become a cornerstone of
organic synthesis.3* The modern variant of cross-coupling involves
the use of metallaphotoredox conditions.3> In particular, a dual
photoredox/Ni catalytic system served as an analogue to palladium-
catalyzed reactions.?® This approach allows, on the one hand, to
make the process cheaper by using the more earth abundant nickel.
On the other hand, Ni/PC catalysis allows to overcome the often rate-
limiting transmetallation step involving organometallic reagents by
its single-electron oxidation and subsequent interception on the
nickel catalyst.3” As organometallics, trifluoroborates,3”*! and other
boron reagents*?*3 have originally been used, followed by alkyl
derivatives of silicon***7 (Scheme 1C). Over the past few years, there
has been an active search for other organometallic radical
precursors. In this vein, the activation of germanium,*®**° and
zirconium reagents®® under photoredox conditions was described.
Additionally, metallaphotoredox cross-couplings with organotin
compounds were also attempted and only realized in the case of very
specific atrane-type alkyl tin derivatives.>? The reagents described
above are difficult to obtain directly from alkyl halides, forcing them
to be obtained from more nucleophilic alkyl magnesium/zinc
reagents. In addition, a number of reagents suffer from a lack of atom
efficiency due to the surrounding metallic center (for silicon, tin,
zirconium). The utilization of alkyl indiums could prove an effective
solution to these issues. However, at present, there have been no
universal methods for the synthesis of organoindium compounds
from readily accessible alkyl bromides and chlorides.

Here, we overcome this problem by reacting alkyl halides with
the commercially available indium(l) bromide in the presence of
lithium bromide, which is more efficient than elemental indium,
allowing the use of alkyl bromides and chlorides as sources for
primary, secondary, and even tertiary alkyl indium reagents (Scheme
1D). We also demonstrate that the synthetic utility of alkyl indium
compounds can be greatly expanded as they can undergo single-
electron oxidation and serve as excellent precursors of alkyl radicals
the C(sp?)-C(sp®) under
metallaphotoredox conditions.

involved in cross-coupling

Results and discussions

Our idea is based on the fact that indium(l) bromide in donating
solvents is prone to disproportionation to In(0) and In(Il1).>2 This
combination was proposed to be effective for the following reasons.
First, zero-valent metals formed as a result of reduction of their salts
(such as Rieke metals) are known to be more reactive than
commercial metals.>3>* Moreover, In(l) to In(0)/In(lll) conversion

2| J. Name., 2012, 00, 1-3

may have equilibrium nature, thereby maintaining the surfaseef
the metal fresh. Second, use of indium(l) brgmide Iersvides p8rEct
stoichiometry upon conversion of RBr into RInBr,. This point is
expected to eliminate the formation of numerous organoindium
species such as dialkyl indium(lll) bromide, observed when In(0) is
used. Finally, the strength of the reducing indium system may be
augmented with lithium halides, which are known to be instrumental
in reactions of insertion of zero-valent metals into C-X bonds,>%57 and
this was also applied for reactions using elemental indium.>8-60
Bromide anion can also break-up alkyl indium bromide aggregates to
give more reactive indium-ate species.®! In the earlier literature,
examples of solvent-free interaction of indium(l) salts with simple
primary alkyl halides were described,%%%* while in coordinating
systems disproportionation of indium(l) and formation of indium(ll)
salts were noted.5%6>

Ethyl 4-bromobutyrate (1a) was selected as a model substrate,
and its reaction with indium(l) bromide was evaluated, and several
model alkyl halides were also tested (Table 1). The reaction of 1a with
1.5 equivalent of InBr/LiBr combination in N,N-dimethylformamide
(1.0 M of 1a) was complete within 3 h at 80 °C leading to virtually
quantitative formation reagent 2a (entry 1). The reaction performed
in deuterated solvent (d7-DMF) allowed to record H and 13C NMR
spectra of 2a, which showed a single organoindium species, which
was assigned to monoorganoindium RInBr, based on HRMS (ESI-
TOF); bis(alkyl)indium substances (such as R,InBr) were not detected
(see ESI for details). Decrease of the reaction temperature led to
some decrease of the yield, while application of the ultrasound had
positive effect (entries 3 and 4); performing the reaction at room
temperature over 16 hours was also inefficient (entry 5). In other
solvents, the reaction was slower than in DMF, though reasonable
yields of 2a can be achieved by extending the reaction time to 16
hours (entries 7-9). Use of LiCl instead of LiBr gave notable yield
decrease (entry 10), likely, due to competitive substitution of
bromide of 1a by chloride resulting in formation of less reactive alkyl
chloride (the alkyl chloride was detected by GC-MS analysis). In the
absence of LiBr or use of metallic indium led to notably decreased
yields of 2a (entries 11 and 12). It was reported that benzyl (but not
alkyl) halides react with elemental indium in the presence of air
leading to hydroperoxides.®® It was rewarding to find that in our
system, when the reaction was set up in the air atmosphere, the
organoindium reagent was formed in 71% yield (entry 6). Moreover,
air does not decrease the concentration of 2a in DMF-d7 over one
month (stored in a vial under air, periodically checked by NMR with
internal standard, see ESI for details).

Then, we evaluated secondary and tertiary alkyl bromides
(Scheme 2). After brief optimization (see ESI for details) we found
that for secondary acyclic and cyclic bromides, longer time (12 h) and
increased loading of InBr/LiBr system (2 equiv) were needed to
achieve high yields. Reagent 2b was also characterized by *H and 3C
NMR and HRMS (ESI-TOF). In case of cyclohexyl bromide, lithium
chloride could be used instead of lithium bromide because in this
case Sy2 halogen exchange (cyclohexyl bromide with chloride) is
slower than the formation of the organoindium 2c-Cl. The latter
protocol was applied for the preparation of the organoindium
reagent from 30 mmol of cyclohexyl bromide. Preparation of tert-
butyl indium reagent 2d under standard conditions was hampered
by its instability at temperatures above 50 °C. Fortunately, reagent

This journal is © The Royal Society of Chemistry 20xx
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2d could be obtained at 40 °C using ultrasonication in 63% yield. This
is the first example of organoidnium formation from tertiary alkyl
halides through direct insertion.

Table 1. Optimization studies.

Stand. cond.
i InBr (1.5 equiv)

i
EtO,C~\Br — EOC A~ INBr2 | iy (1.5 equiv)

1a 2a DMF, 80 °C, 3 h

# Deviations from stand. cond. Y. of 2a, %l?
1 none 99
2 InBr/LiBr (1.2 equiv) 97
3 heat at 60 °C 80
4 50 °C + ultrasound 90
5lb] 20°C 40
6 air atmosphere 71
71bl DME as solvent 95
glbl MecCN as solvent 77
9glb] THF as solvent 75
10 LiCl (1.5 equiv) instead of LiBr 35
11 no LiBr 48
12 In (1.5 equiv) instead of InBr 41

lal Determined by H NMR with 1,3,5-trioxane as an internal standard. [’ 16 h.

: i = Stand. cond.
InBr, 1 Br
/\/l\ /\)\ >r ' l X InBr2

1o b, 97%l0e | 1q 2d, 639120
Br InBr/Lix INX2  Ligr, 2¢, 83%Mb-ce]
LiCl, 2¢-Cl, 73%[0-el

1c (

InX, denotes
i NC InX either InBr,

NC_~Cl —= NC A I0X2 | o mixed indium halide

1e 2e, 98%[a al system InBrCl

c InXy a, InX,

Ph 7 Ph 1 >

2b-Cl, 84%a0. ; 2¢-X, 6%b-en

Scheme 2. Organoindium reagents. [ Determined by H NMR with 1,3,5-trioxane
as an internal standard. ! 12 h. [ InBr/LiBr (2.0 equiv). 9 40 °C/ultrasound.
lel Determined by GC-FID with tetraline as standard after iodination. 1 InBr/LiCl (2.0
equiv). 816 h. " InBr (2.0 equiv), LiBr (3.0 equiv), 100 °C.

Alkyl chlorides are notably less reactive compared to bromides.
However, primary halides can undergo halogen exchange, as was
exemplified for 1a (see discussion above and entry 10).
Correspondingly, we proposed that combination of alkyl chloride
with LiBr can reversibly generate alkyl bromide, which in turn can
efficiently be converted into organoindium reagent.3! Indeed, 1-
chloro-3-cyanopropane gave reagent 2e in 98% yield under standard
conditions but within 6 hours. The intermediate formation of 1-
bromo-3-cyanobutane was confirmed by monitoring of the reaction
by GS-MS analysis. Fortunately, reagent 2b-Cl was also obtained
from the corresponding alkyl chloride in 84% yield by increasing the
amount of lithium bromide to 3 equiv and performing the reaction at
100 °C for 12 hours. Cyclohexyl chloride reacted slowly, apparently,

This journal is © The Royal Society of Chemistry 20xx
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due to slow Sy2 halogen exchange. tert-Butyl chloride did, npt ta-give
the indium reagent. DOI: 10.1039/D4SC08521C
Organoindium reagents were evaluated as sources of radicals in
C(sp?)-C(sp3) cross-coupling under dual photoredox/nickel catalysis.
Variation of conditions for a model coupling partners (cyclohexyl
indium reagent 2c-Cl and 4-bromoacetophenone) was undertaken
(Table 2). The reaction is best performed using chlorinated
cyanoarene photocatalyst 8Cl4CzIPN,%” nickel dichloride-diglyme
complex and 4,4’-dimethoxybipyridine (L1). Slight excess of the
indium reagent (1.3 equiv) was applied in a mixed solvent DMF/DME
(5/2). The reaction was irradiated by 400 nm light and was complete
within 2 hours furnishing target product in 91% isolated yield (entry
1). Use of stoichiometric amount of phthalimide additive was
required, which is believed to play dual role: to suppress the side
protodehalogenation of arylbromide and to hinder the formation of
catalytically inactive low-valent oligomeric nickel complexes®® (entry
7). While reactions were routinely carried under argon, running the
experiment under air atmosphere had little effect (entry 2). To
evaluate sensitivity towards moisture, cross-coupling of 2c with 4-
bromoacetophenone was performed in the presence of 4 equiv of
water leading to product 3 in 90% yield (see ESI for details). The
reaction did not proceed without the nickel complex or light (entries
8 and 11); without photocatalyst or ligand only traces of the product
were detected (entries 9 and 10). Finally, the reaction can be easily
scaled up, with the experiment on 17.5 mmol of aryl bromide
affording gram quantities of the product (90%, 3.18 g, see photo).

Table 2. Optimization of the cross-coupling.

Br Cy

2¢-Cl (1.3 equiv)

phthalimide (1.5 equiv)

8CI4CZIPN (1.0 mol%)
fgigﬁ?ggs NiCl,-diglyme (2.5 mol%) 400 nm LED (60 W)
L1 (5.0 mol%) DMF/DME (5/2), tt, 2 h
MeQ OMe

L2 4CzIPN 8CI4CzIPN

# Deviations from stand. cond. Y. of 3, %2
1 none 92 (91)b!
2 open to air 87

3 455 nm LED 82

4 4CzIPN as PC (455 nm LED) 80

5 without DME 76

6 L2 as ligand 76

7 no phthalimide 64

8 no NiCl,-diglyme 0

9 no L1 <5
10 no PC <5
11 no light 0

lal Determined by 'H NMR with CH,Br; as an internal standard. ! Isolated yield.

J. Name., 2013, 00, 1-3 | 3
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Under the optimized conditions, a scope of aryl halides was first
evaluated using reagent 2c-Cl (Scheme 3). The reaction tolerates
many functional groups such as acetyl, ester, nitrile, aldehyde,
amide, sulfonamide, and (pinacolato)boryl fragment. Comparison of
bromides bearing ester group at para, meta and ortho positions
suggested that para and meta substrates have similar reactivity
(products 4 and 18), while ortho substrate afforded product 19 in a
diminished yield of 51%, which is likely associated with steric effect.
Based on this observation, selective substitution of one bromine in
1,2-dibromobenzene was carried out (product 30). Aryl bromides
bearing triflate, mesylate and tosylate were coupled (products 9-11)
(triflate and mesylate groups can be slowly affected under our
conditions in case of electron depleting arenes, see mechanistic
discussion below). It should be pointed out that in palladium cross-
couplings, aryl triflates are known to be more reactive compared to
bromides. In a similar vein, the chlorine atom remained unaffected
(product 15) The reaction tolerates fragments with active hydrogen

Journal Name

such as phenol (8) and trifluoroacetanilide (13). Varigus.;bremes
substituted heterocycles were evaluated. PRlislOthB¥/e4EG0/5¢an
work with derivatives of pyridine, pyrimidine, indole, thiophene and
benzothiophene. 2-Fluoropyridine fragment, which is prone to
fluoride substitution, withstands the reaction conditions (product
21). A fragment of vinyl bromide was also successfully involved into
cross-coupling affording a mixture of isomers in good yield (product
27). Despite impressive functional group tolerances, several types of
substrates were problematic. In particular, 4-bromoaniline showed
very low reactivity, with 30% conversion after 16 hours. In reactions
of 4-bromonitrobenzene and 4-bromostyrene no products were
formed (see bottom of Scheme 3). Similar outcome was with
oxadiazole-containing  substrates, which suffered from
decomposition of this fragile heterocycle; in these experiments,
complete conversion of starting bromides was noted along with
detection of benzonitrile by GC-MS analysis.

phthalimide (1.5 equiv)

L@

2c-Cl (1.3 equiv)  (0.25 mmol) DMF/DME (5/2), rt, 1-4 h
‘?77 (6] (0]
Cy= O Q)J\OMe @)J\H
Cy Cy
4,91% 5, 70%

NiCl,-diglyme (2.5 mol%), L1 (5.0 mol%)

8Cl4CzIPN (1.0 mol%)

Scope of Aryl bromides

3-36

O CF; Q/OH
/©)J\ ,\O\ /© Cy
Cy OH Cy

6, 74% 7,79% 8,85%

H
/©/0Tf QOMS /©/OTS /©/0Me /©/ N \n/CFs O’?
]
o) B«
Cy Cy Cy Cy Cy /©/ ©

9, 74%2 10, 73% 11, 47% 12, 77% 13,87% Cy 14, 59%
0. OMe M
cl CN QMe Ny
N OMe O | j
Cy Cy | Cy cy N
cy _N le} Cy
15, 84% 16, 86% 17, 59% 18, 88% 19, 51% 20, 61%
0.0 F
F \// 0 s
X
LY o P ORIPS
c c y
Cy y Cy cy F y
21, 61% 22, 82% 23, 64% 24, 52% 25, 52% 26, 51%

O,
cl Me
N
C "'\/Q/ ? \ /
y Cy N Cy

27,80% (ZIE =1.9/1) 28, 50% 29, 47%

o
Cy Cy

33, n.d. 34,n.d.

Unsuccessful Aryl bromides

N=\
NS IO
N
Cy

Br: :: I S ::/NHZ
Cy CyJ:@ Cy

31, 58% 32 (30% conv)

N-Q
-0
Cy)\N

36, n.d.

30, 45%

35, n.d.

Scheme 3. Scope of (hetero)aryl bromide coupling partners. Isolated yields are shown.
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Then we focused on the variation of alkyl indium component
(Scheme 4). The indium reagent was prepared from 2 equiv of alkyl
bromide or chloride followed by addition of 1,2-dimethoxyethane
co-solvent, aryl bromide (1 equiv) and other components. The
reaction smoothly proceeded with primary and secondary alkyl
indium reagents containing N-Boc protected cyclic amine, ester and
cyano groups, phosphonate and dioxolane fragment, as well as

unprotected hydroxy group. Various heterocycles within the indium
component such as thiophene, furan, indole and triazole were
tolerated. Products 42 and 44 could be obtained starting from both
alkyl bromides and chlorides, though reactions from bromides gave
slightly higher yields. The reaction of tert-butyl indium reagent was
unsuccessful, which is in accord with literature reports requiring
different conditions for the adoption of tertiary radicals in

InBr / LiBr

yon

' (0.25 mmol)

O

phthalimide (2 equiv)
NiCl,-diglyme (2.5 mol%)
L1 (5.0 mol%)

42, 55% from R-CI

Uegn-a¥eas

1 _OEt

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

48, 62%

O/>
Y@/\/ko OEt
o)
51,84% o 52,61%
Y@/\)\ \y(@/\/\N/%

56, 77% 57, 54%
Me :©)J\
from Vanilin \N/©/\fr:n\lbuprofen
61, 40% 62, 42%
0
S
0" >"Nngr,
O)k EtO)J\S/\/\InBrZ
O,N 2g,n.d. 2h, nd.

8ClCzIPN (1.0 mol%)
DMF/DME (5/2), rt, 224 h .-

Scope of alkylindium reagents

R-Br >  R=InBr,
DMF, 80°C, 0.5-12 h
(2 equiv)
NBoc \”/©)/\>O
37, 83% 38, 82%
o}
\"/©)\/\Ph Y@(\/\OH
42, 65% 73% 44, 65%

44, 62% from R-CI

Unsuccessful alkylindium reagents

S
| /
39, 59% 40, 70% 41, 73%
CN ~oH N/\
Lo
45, 45% o 46, 43%
from R-CI from R-CI

(0]
O
N
49, 56% o} 50, 59% o

Y@/\/\/OBZ Y@/\/\/OAC Y@/\/\
5 53, 49% o 54, 55% 5 55, 36%
Y“ Br

58, 76%

F

59, 68% 60, 57%

q InBr2
NCS™ >"NinBr,
CF,CO,Et % nd.

2i, n.d.

Scheme 4. Scope of organoindium coupling partners. Isolated yields are shown, which are based on aryl bromide.
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photoredox/Ni systems.®%’0 Indium reagent prepared from 4-
bromobut-1-ene gave decreased yield (product 55), likely, due to
none-innocence of the terminal double bond. Moderate yield was
also observed for the reaction of 1-bromo-3-chloropropane (product
63) because of competitive Cl/Br exchange. Benzyl bromides can also
be easily converted into the indium reagents under our conditions,
which required only 30 min, followed by cross-coupling (products 58-
60). It is interesting to note that reagent derived from para-
bromobenzyl bromide gave the coupling product 59 suggesting that
the C-Br of 4-bromoacetophenone undergoes faster activation than
the C-Br of the product. Several functionalized reagents could not be
prepared, which is associated either with incompatibility with
InBr/LiBr system (2g) or with rapid degradation of the indium reagent
(2h-j) (see bottom of Scheme 4).

o-(Trifluoromethyl)styrenes are another class of typical radical-
accepting substrates working under redox conditions.”* Indeed,
alkylindiums cannot be viewed as C-nucleophiles towards a-
(trifluoromethyl)styrenes (confirmed by a blank experiment, see ESI
for details). On the other hand, interaction of these styrenes with
organoindiums should proceed via generation of alkyl radical (by
oxidation of organoindiums), radical addition at the styrene, SET
reduction and fluoride elimination (Scheme 5). The reaction of a-
(trifluoromethyl)styrenes with organoindium reagents was catalyzed
by 8Cl4CzIPN and, for tertiary and secondary reagents, was complete
within 30 min! Here, the tertiary indium reagent was the most
effective (in line with formation of the most stable tertiary radical).
On the other hand, for primary alkyl group, two equivalents of the
indium reagent were necessary together with a long reaction time of
16 hours.

A. Radical trapping experiment » olme d
15
InX [o]
Stand cond. ’ Et0,C_~ INBry /@f NH
TEMPO (2 equiv) Br
2¢-Cl ( . 2a NS ohih © ,
s &8
12 BT e By
B. Radical clock experiment i -
.
‘. ¢
Star:jd 1 8 ey, ABE
con
A/h /\M,InBrz + O\/InBrz - e ® phth
. " 0.2 04 0.6 0.8 1
49:1 2f Conc., mM
4-Br-acetophenone /\MAr . O\, E. Comparison of leaving groups
Ar - -
Stand. cond. 4 AC  cyminX, 26-CI Ac X Time Yield
68 16:1 69 /©/ y=inX, /©/ R TY—
C. Test of Ni(0) catalyst X Cy Br 2h 91%
N Stand. cond. 3 | 16 h 33%
c
/©/ Ni(COD)(DQ) -
Br (2.5 mol %) Ac y—InX2 2¢-Cl CN X Yied
Cy=InX, p——— c /©/ IO 25%
and. cond. y cy MsO  11%
2¢-Cl 3,75% Stand. cond., 16 h 16
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CF,4 F
8Cl4CzIPN (1.0 mol%
/& + R=InBr, ( . :[,
Ar R
(1.1 equiv) 400 nm LED (60 W) Ar

DMF, rt, 30 min

"¢ CF3 CF J
LR-—» )\/R—> ){/R

P F F_F Fu_F
/@j]/\k Ph :[]: 1 j PhMOEt
Ph 0
65, 91% 66, 72% 67, 57%!]

Scheme 5. Reaction of a-(trifluoromethyl)styrenes. Isolated yields are shown. [a]
2.0 equiv of organoindium reagents was used; reaction time 16 h.

Mechanistic considerations

To get deeper insight into the reaction mechanism, several
experiments were carried out. First, addition of TEMPO completely
blocked the cross-coupling under standard conditions along with
formation of trapping product between TEMPO and cyclohexyl
radical (Scheme 6A). To perform a radical clock experiment, 1-hexen-
6-yl bromide was subjected to the reaction with InBr/LiBr system,
which gave a mixture of open/cyclic indium reagents (Scheme 6B).
Their cross-coupling gave a mixture with increased content of the
cyclic product. In the literature, a reaction of 1-hexen-6-yl bromide
in a nickel photoredox cross-coupling gave 2.5/1 mixture of
open/cyclic products.”? These experiments support the radical

Scheme 6. Mechanistic experiments.
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character of the cross-coupling. To support the intermediacy of low
valent nickel species in the catalytic cycle, the reaction was
performed using zero-valent complex Ni(COD)(DQ)’”® (DQ =
duroquinone) as a source of nickel (instead of NiCl,-diglyme), which
gave the expected product 3 in good yield (Scheme 6C). To identify
species interacting with the photocatalyst, Stern-Volmer
fluorescence quenching was evaluated (Scheme 6D). It was found
that there was virtually no quenching of photocatalyst excited state
(PC*) with phthalimide and aryl bromide. On the other hand, lithium
bromide, as well as organoindium reagent 2a served as
fluorescencequenchers. As follows from the slopes of Stern-Volmer
plots, for the reagent 2a, the quenching was most efficient. This
indicates that reagent 2a undergoes single-electron oxidation by
PC*. Fluorescence quenching by solution of lithium bromide suggests
possible oxidation of bromide by the photocatalyst, which is in
accord with redox potentials [E (Br/Br) = +0.80 V vs SCE;’* for
8Cl4CzIPN, E(PC*/PC*) = +1.58 V vs SCE®3). Measurement of redox
potential of reagent 2a in DMF solution by cyclic voltammetry gave
potential of +0.89 V vs SCE, with the curve resembling that of
bromide anion (see Sl for details). The quantum yield of a standard
reaction (2c with 4-bromoacetophenone) was determined to be
0.023. Finally, to estimate the influence of various leaving groups of
the aryl component on reaction efficiency, several experiments were
carried out (Scheme 6E). Thus, chloro-, bromo-, and iodo-substituted
acetophenones were compared, among which the bromine
derivative gave the highest yield. Whereas the low reactivity of aryl
chloride was expected, the low yield and especially low conversion
of aryl iodide was surprising. It can be tentatively proposed that
iodide anion formed as reaction progresses can exert inhibiting
effect. We noted that aryl triflate and mesylate fragments remained
unaffected in reaction of 4-tryflyloxy- and 4-mesyloxy-
bromobenzenes (see Scheme 3, products 9 and 10). Correspondingly,
we tested highly electron deficient triflate and mesylate derived
from 4-cyanophenol. These substrates bearing the electron
depleting group reacted slowly, and even after 16 hours only low
yields were observed. This means that the reaction is selective for
aromatic bromides thereby opening opportunities for performing
orthogonal transformations.

Based on the obtained experimental data, the following
mechanism can be proposed (Scheme 7). Two types of the
photocatalytic cycle may be operative. Thus, organoindium reagent
is oxidized by photoexcited catalyst to generate the alkyl radical
(path A). Alternatively, bromide is oxidized to generate bromine
radical, which in turn attacks at the indium center of organoindium
to liberate the alkyl radical (path B). For the nickel cycle, the reduced
state of the photocatalyst generates Ni(0) with its oxidative addition
into the C-Br bond to give arylnickel(ll) intermediate. Radical addition
at the nickel and reductive elimination from Ni(lll) completes the
catalytic cycle.
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Conclusions

The utilization of photoredox catalysis has enabled the exploration
of novel reaction pathways for alkyl indium compounds, which serve
as sources of alkyl radicals upon light promoted single electron
oxidation. Organoindium reagents were incorporated into the
nickel/photoredox catalyzed cross-coupling with aryl bromides, as
well as in reaction with a-(trifluoromethyl)styrenes. The synthetic
utility of these reactions was enhanced with the advent of a universal
methodology for the synthesis of alkyl indium reagents. Both
preparation of organoindium reagents and the metallaphotoredox
cross-coupling are insensitive to air and moisture, and tolerate wide
variety of sensitive functional groups.

Br

addition

a- N ‘ﬁ )
N
i PC Ni0-N @ NiN
;/ Br
R .
PC nickel Ni radical
cycle reduction cycle addition
PC N }) 9
_Ni=N "N
Br R Br
elimination
— Path A:

PC*  PC
R=InBr, —é;‘—» R+ + InBry

— Path B:

R—InBr2 InBrs

homolyt/c substltut/on

Scheme 7. Proposed mechanism.
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