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ABSTRACT: Nickel/photoredox catalysis is used to
synthesize indolines in one step from iodoacetanilides
and alkenes. Very high regioselectivity for 3-substituted
indoline products is obtained for both aliphatic and
styrenyl olefins. Mechanistic investigations indicate that
oxidation to Ni(IIl) is necessary to perform the difficult
C—N bond-forming reductive elimination, producing a
Ni(I) complex, which in turn is reduced to Ni(0). This
process serves to further demonstrate the utility of
photoredox catalysts as controlled single electron transfer
agents in multioxidation state nickel catalysis.

mong the many advantages of using nickel in the

development of new synthetic methods' is the availability
of various oxidation states for catalysis, including Ni(0/1/11/11I)
and even a recently reported well-defined Ni(IV) species.”
Nickel-catalyzed methods have generally fallen into either those
proposed to proceed via a Ni(0/II) pathway (e.g., aryl cross-
coupling,® reductive coupling®) or those proposed to proceed via
a Ni(I/Ill) pathway (e.g, Csp® cross-coupling®). However,
controlled access to additional oxidation states in a single
catalytic cycle can lead to novel and interesting chemistry
(Scheme 1). For example, Weix and co-workers recently
reported a cross-electrophile coupling with a concurrent polar
Ni(0/1I) oxidative addition of an aryl halide and radical Ni(III/1/
II) oxidative addition/reductive elimination of an alkyl electro-
phile.® The simultaneous recent reports from the research groups
of Molander” and MacMillan and Doyle® also describe aryl—alkyl

Scheme 1. Recent Examples of Catalytic Reactions Involving
Four Different Oxidation States of Nickel
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Scheme 2. Synthesis of Indolines and Indoles via an
Intermolecular Alkene or Alkyne Annulation Strategy
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cross-coupling by using visible light photoredox catalysis® to
generate alkyl carbon radicals, which can be trapped by Ni(II)
intermediates.'® Then, after reductive elimination, the sub-

sequent Ni(I) species is reduced by the same photoredox catalyst
to Ni(0) to complete the catalytic cycle. This field continues to
grow rapidly, giving access to novel reaction manifolds.'" Herein,
we report a nickel-catalyzed synthesis of indolines, likely enabled
by a mechanistically distinct direct oxidation and reduction of
nickel intermediates.

Our development of nickel-catalyzed Mizoroki—Heck reac-
tions of aliphatic olefins'> prompted us to consider whether an
appropriately positioned nitrogen-based functional group could
intercept the Ni—alkyl migratory insertion intermediate and
participate in a direct Csp’~N reductive elimination, thus
providing indoline products (Scheme 2a). Such reductive
eliminations are known to be accelerated by oxidation to Ni(III)
in stoichiometric reactions,l3 so we reasoned that this reaction
might be appropriate for multioxidation state nickel catalysis.
This approach would also be analogous to the Larock indole
synthesis (Scheme 2a).'*

However, in contrast to indoles, where convergent annulation
strategies are common, most methods to synthesize indolines, a
common motif in natural products and pharmaceutically active
compounds, involve multiple steps.> Generally, either the
Csp®—N bond or the Csp>—~Csp® bond is formed first, followed
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Table 1. Reaction Optimization
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Ni(cod); (15 mol %)
ligand (15 or 30 mol %)

n-Hex
n-Hex
X base (1 or 2 equiv) NHAc
+ N _—
C[NHR 7 nHeX  phe, rtor 60 °C
X n-Pent
1-5 n Hex

NHAC

X; R ligand base yield 6
1 OTf; Piv (1) phosphine, PyBOX, various 0%
phenanthroline- organic/
type inorganic
2 1 IPr LiOt-Bu 7%
3 Cl (2), OTf(3), IPr LiOt-Bu 10—14%"
Br (4)/ I (5)3
Ac
4° Br; Ac (4) IPr 2,6-lutidine 5%
599 4 IPr, Ru(bpy); 2,61utidine  15%
64 4 IPr, Ru(bpy)s, 66 h  Et;N 33%
799 I Ac (5) IPr, Ru(bpy);, 48 h  Et,N 90%
8¢ § IPr, Ru(bpy);, 26 b E;N 88%
9of 5 IPr, Ru(bpy);, 26 b Et;N 998

“Yield 6 determined by GC using dodecane as an internal standard,
selectivity 6 to sum of Heck (7), isomerized Heck (e.g, 9), and 2-alkyl
1nd0hne (8) > 19:1 unless otherwise noted. b>10:1. “Acetone (0.22
M). Compact fluorescent light (CFL), Ru(bpy);(PFs), (2 mol %).
“Blue LEDs, Ru(bpy);(PFs), (1 mol %). fRu(bpy) (PFg), (1 mol %)
reaction run in absence of light. £9:1.

by a cyclization to form the five-membered ring. Perhaps
surprisingly, given the ubiquity of the Larock indole synthesis, a
general indoline synthesis of 2-haloaniline derivatives with
alkenes has not been reported, although a few alkene annulation
methods have been developed (Scheme 2b). This approach
presents two main challenges: C—N bond reductive elimination
must outcompete f-hydride elimination (forming Heck-type
products), and Csp>~N reductive elimination is inherently
challenging.'® These two issues were first addressed by Larock
and co-workers, who reported indoline formatlon using 1,3-
dienes, which cannot undergo p-H elimination."”” C—N bond
formation also presumably proceeds via external nucleophilic
attack on a z-allyl intermediate. Other intermolecular annulation
approaches involve the use of alkenes without available p-H
atoms, first reported by Catellani and co-worker,"® or forego use
of alkenes altogether."” Perhaps the most general approach thus
far was disclosed by Glorius and co-workers earlier this year.*’
They reported using an internal diazinecarboxylate oxidant and
Rh(III)-catalyzed directed C—H functionalization to couple
arenes with chiefly electron-poor alkenes, yielding 2-substituted
aminoindolines. The 1-amino group can then be removed in a
subsequent step to reveal the NH-indoline.

We began our development of a complementary and general
approach to indoline synthesis by testing conditions similar to
those of Heck reactions (Table 1, entry 1) and found that for a
variety of electrophiles, aniline protecting groups, bases, and
phosphine and N-type ligands, only Heck products were
observed. Finally, upon using the N-heterocyclic carbene
(NHC) ligand IPr, we were able to detect a small amount of
indoline product (entry 2). We were gratified to see that the
indoline product was produced in high selectivity (>19:1)
compared to the sum of all other products. This suggests that not
only was f-H elimination suppressed but also that alkene
migratory insertion had been highly selective for arene insertion
at the internal position, a difficult step given the electronically

unbiased nature of aliphatic terminal alkenes. Although similar
results had been seen in nickel-catalyzed Heck reactions
previously, only sterically demanding phosphine ligands had
been used successfully.'> After this initial result, we attempted
optimization of various reaction parameters,”’ but quickly
discovered that catalytic turnover from Ni(Il) was likely not
feasible since formation of indoline products was only observed
upon exposure of the reaction mixture to air during workup.
Csp®>—N bond reductive elimination from low-valent Group 10
metals is known in rare cases,"®*> and Hillhouse and co-worker
had previously demonstrated that it could occur stoichiometri-
cally after extended reaction times at room temperature when /-
H elimination was not possible.'** However, consistent with our
results, they demonstrated that reductive elimination was made
far more facile by oxidation to Ni(Il) by a number of
stoichiometric oxidants, including oxygen.

If oxidation to Ni(III) is necessary for reductive elimination,
single electron reduction of the Ni(I) species formed therein
would also be necessary to transition from a stoichiometric to a
catalytic manifold, a scenario, in theory, fulfilled by a photoredox
catalytic cycle. Spurred by the recent reports of Molander” and
Doyle and MacMillan,® we were excited to find that the addition
of the visible light photoredox catalyst Ru(bpy);(PF4), under
conditions similar to those reported by Molander (acetone, 2,6-
lutidine) produced significantly more indoline product than the
same reaction without photoredox catalyst (Table 1, entries 4
and 5). Further optimization using triethylamine furnished, for
the first time, yields in excess of the catalyst loading (entry 6).
Use of aryl iodides rather than bromides and blue LEDs to
shorten reaction times provided the optimal conditions for
excellent yields of indoline product (entry 8). Again, we were
gratified to see that under these conditions, indoline products
were produced in high selectivities (>19:1) over Heck products.

With these optimized conditions in hand, we explored the
scope of this transformation (Scheme 3). Substitution at the 4- or
S-positions of the 2-iodoacetanilide electrophile was well-
tolerated with both electron donating (e.g, 6b) and electron
withdrawing (e.g,, 6¢) substituents. However, substitution at the
3- or 6- positions of the arene resulted in substantially lower

Scheme 3. Scope of Aryl Electrophile”
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“All yields are isolated yields. Selectivity 6 to sum of 7—9 > 19:1 unless
otherwise noted. Reaction conditions: Ni(cod), (15 mol %), IPr (16
mol %), Ru(bpy), (PFE)2 (1 mol %), Et;N (2 equiv), acetone (0.22
M), blue LEDs, tt, 26 h. “Ru(bpy);(PFy), (2 mol %), CFL, 35 °C, 48
h. “7:1. “GC yield.
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yields (6fand 6g). In several cases, reaction yields were improved
by slightly elevated temperatures (35 °C) and longer reaction
times, although generally greater amounts of products
corresponding to f-H elimination were observed at higher
temperatures.

The substrate scope of alkene coupling partners is significantly
broader (Scheme 4). A variety of functional groups are well
tolerated in the indoline formation, including trimethylsilyl
groups (6i), protected alcohols and amines (6j, 6n), ketones
(6m), and alkyl chlorides (60). Styrene was also a competent
coupling partner and gave the same 3-substituted indoline
product 6p as aliphatic alkenes despite the overwhelming
preference for arene insertion to the terminal position of such
alkenes. For styrenyl substrates, increased amounts of Heck
products were observed, but 2-substituted indoline products
were not observed by '"H NMR analysis. Styrenes substituted
with electron donating and electron withdrawing groups were
also competent reaction partners (6q, 6r). Only terminal
monosubstituted alkenes were reactive under these conditions;
internal and 1,1-disubstituted alkenes gave no desired product.

Scheme 4. Scope of Alkene Coupling Partner”
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“All yields are isolated yields. Selectivity 6 to sum of 7—9 > 19:1 unless
otherwise noted. Reaction conditions: Ni(cod), (15 mol %), IPr (16
mol %), Ru(bpy), (PF6)2 (1 mol %), Et;N (2 equiv), acetone (0.22
M), blue LEDS, rt, 26 h. Ru(bpy)3(PFé)2 (2 mol %), CFL, 35 °C, 48
h. €5:1. 912:1. ©9:1./8:1. £11:1.

We next set out to probe the mechanism of this reaction. The
intermediacy of a discrete Heck reaction followed by hydro-
amination was ruled out by reacting 5d with 1-octene in the
presence of independently synthesized Heck product 7a
(Scheme 5a).** No formation of product 6a arising from 7a
was observed, suggesting that it is not a competent intermediate.
Next, we sought to investigate whether oxidation to Ni(III) was
indeed responsible for product formation (Scheme Sb). 2-
Iodoacetanilide (Sa) was submitted to stoichiometric reaction
conditions without photoredox catalyst for 12 h. This mixture
was then split into portions and exposed to various oxidants,
before filtration through alumina under inert atmosphere and

Scheme 5. Mechanistic Studies”
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GC analysis. When no oxidant was added, very little indoline was
observed, and a number of other products were formed in trace
amounts. However, when stirred open to air or PhI(OAc), was
added, significant amounts of product 6a (75 and 60%,
respectively) were observed with good selectivity for the desired
indoline product. The addition of catalytic Ru(bpy),(PFy),
surprisingly did not produce significant amounts of 6a, possibly
because of the larger than normal excess of Ni species compared
to photoredox catalyst leading to unselective or unproductive
oxidation/reduction and/or to photoredox catalyst death. Given
that stoichiometric oxidants do successfully increase the amount
of C—N bond formation as expected, a necessary oxidation to
Ni(III) prior to product formation is still likely.

Scheme 6. Proposed Mechanism
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We provisionally propose the catalytic cycle shown in Scheme
6, and several lines of evidence support the steps depicted.
Crystal structures of ox1dat1ve addition and migratory insertion
complexes were obtained,” and the formation of complexes 10
and 12 were studied by "H NMR.*' The feasibility of the
proposed redox steps were further examined by performing
cyclic voltammetry (CV) studies on Ni(0) complex 10 and
Ni(II) complex 12. The Ni(0/1) oxidation of 10 was irreversible,
so an exact E,/, value could not be calculated.”® The potential
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wave of the Ni(I/0) transition of 10 peaks at —1.12 V vs Fc/Fc*
(or ~—0.74 V vs SCE)* suggesting that it should be easily
reduced by Ru(bpy);" [E;,"/ = —1.33 V vs SCE in MeCN].’
The Ni(II/III) oxidation of 12 is reversible, and E; /ZIH/ T=—020
Vs Fc/Fc* (or ~+0.18 V vs SCE), suggesting that it should also
be easily oxidized by *Ru(bpy);** [E, ;""" = +0.77 V vs SCE in
MeCN].? The selectivity for desired reaction formation in the
presence of so many redox-active species rather than off-cycle
redox events is impressive.”” Also, for the first time, the
photoredox cycle appears to oxidize and reduce nickel directly,
rather than generating free carbon-based radicals that are then
trapped by nickel. Several mechanistic puzzles still remain,
however, including why both iodide and N-acetyl protecting
group are necessary for good reaction yields*' and the exact role
of triethylamine, so further mechanistic studies are needed to
further elucidate the mechanism of this complex transformation.

In summary, the first general annulation reaction of 2-
iodoaniline derivatives and terminal alkenes to form indolines
has been developed. Using a nickel/NHC catalytic system, high
selectivities for insertion to the terminal position of both aliphatic
and styrenyl alkenes is achieved. Moreover, Csp>~N bond
formation is achieved by leveraging the various oxidation states
available to nickel within the same reaction system using
photoredox catalysis as a powerful tool. We envision that using
similar dual catalytic systems will enable other reactions for
which reductive elimination would otherwise be particularly
challenging.
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