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Abstract: A mechanochemical nickel-catalyzed intramolecular difunctionalization reaction of alkene tethered aryl
halides with alkyl halides is herein described. This method allows for synthesis of 3,3-disubstituted heterocycles,
namely oxindoles, with shorter reaction times than solution-phase counterparts. Additionally, this process is solvent
minimized, with DMA used in liquid-assisted grinding (LAG) quantities and circumvents the need for chemical
activation of the terminal reductant (manganese) through mechanical grinding. The process can be scaled up to
yield over a gram of product and modest enantioinduction is possible by utilizing a chiral PyrOx ligand.
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Introduction

Reductive cross-coupling processes, such as cross-
electrophile coupling (XEC), have seen increased
interest in recent years. These processes, in partic-
ular XEC, have been pioneered by the likes of Weix
and Gong and involve the cross-coupling of two
electrophilic species, such as a C(sp®) halide and a
C(sp’) halide.!"”) These XEC processes typically
utilize earth abundant nickel as a catalyst and
involve a terminal reductant, such as zinc or
manganese, to turn over the catalytic cycle. XEC
provides a complementary process to traditional
palladium-catalyzed cross-coupling, however, with
some key advantages, such as the avoidance of
nucleophilic substrates (organozincs, Grignards,
boronic acids) which can cause issues in late-stage
functionalization processes and are often difficult
to handle. Similarly, reductive nickel-catalysis has
also been applied to the difunctionalization of
alkenes, including hydro-carbofunctionalization
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and dicarbofunctionalization, also known as con-
junctive coupling.”* Dicarbofunctionalization has
received keen interest recently, with both inter- and
intramolecular variants of this reactivity being
developed.*

These are strictly three-component reactions
(alkene and two electrophiles), however, in the
intramolecular variants one of the electrophiles is
tethered to the alkene e.g. an alkene tethered aryl
halide. The electrophiles are typically C(sp®) or
C(sp’) species, such as aryl halides, alkyl halides,
and alkenyl halides (Scheme 1A). The products
from intramolecular difunctionalization processes
are cyclized products, such as 3,3-disubstituted
oxindoles, indolines, and benzofuranones, which
are motifs that can be found in pharmaceutically
relevant compounds.”” However, these processes,
along with other reductive nickel processes such as
XEC, suffer from some notable drawbacks, for
example the need for a glovebox or inert reaction
set-ups, long reaction times, and the tedious
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Scheme 1. A) Overview of solution-based intramolecular al-
kene dicarbofunctionalization, B) Previous work on mechano-
chemical XEC, C) This work.

requirement to activate the terminal metal reduc-
tant. This can be somewhat circumvented by
replacing the terminal reductant with a photoredox
system.[s]

Mechanochemistry and ball-milling has shown
huge promise in recent years as an alternative
synthetic method to traditional solution-based
chemistry.”'” This has included its application to
cross-coupling chemistry, characterized by reduced
reaction times, circumvention of inert reaction set-
ups, and reactivity of insoluble substrates.!"! More
recently, the activation of zero-valent metals, such
as zinc and manganese, by mechanical grinding has
been demonstrated as an additional benefit over
solution-phase chemistry.''” This has included work
from our group where nickel-catalyzed XEC of aryl
halides, heteroaryl halides, or N-acyl imides/
‘twisted amides’, with alkyl halides was success-
fully carried out under ball-milling conditions
(Scheme 1B).!"*! These reports demonstrated signif-
icantly reduced reaction times (2h vs >16h
solution), the wuse of N, N-dimethylacetamide
(DMA) in only liquid-assisted grinding (LAG)
quantities,!'* and the avoidance of inert reaction
conditions or explicit chemical activation of the
terminal reductants (zinc or manganese). Addition-
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M M
NiCl#6H,0 (10 mol %) < ©
L1 (20 mol %) 7
0o
i N 3a; DCF product
Me

1 mmol DMA (3 equiv.)
—_—
IyyMe —
Yo, ((:1:,) ) FmL \dé))vo
2a 30Hz,4h Q4g Me
2 equiv. 3aa; XEC product Me
Entry variation from ‘standard’ conditions Yield 3a (%)? | Yield 3aa (%)?
1 none 75 (67) <2
2 NiCl,(DME) instead of NiCl*6H,0 71 3
3 L2 instead of L1 59 3
4 L3 instead of L1 15 7
5 Zn instead of Mn 41 31
6 TDAE instead of Mn 8 <2
7 5 mol % [Ni] & 10 mol % L1 75 <2
8 2 h reaction time 75 <2
9 0.3 mmol scale 41 4
10 2 mmol scale 69 4
1 no [Ni] <2 <2
12 no L1 <2 <2
13 no Mn <2 <2
14 no DMA <2 <2
150 ZrO, jar and balls 48 <2
16 rt for 30 min 2 <2
17 100 °C for 30 min 42 <2
- »— N 7 N /
NN =N N
L1 L2

aYield determined via '9F NMR analysis of crude reaction mixture using
(trifluoromethyl)benzene (0.2036 mmol) as an internal standard. Isolated yields shown in
parentheses. PConducted in a planetary ball-mill (see Supporting Information for details).

Scheme 2. Reaction optimization - variation from ‘standard’

reaction conditions for model system.

ally, it has been demonstrated that N-heterocycles
can be synthesized from functionalized alkyl bro-
mides by exploiting piezoelectric materials, such as
barium titanate, under mechanochemical
conditions.!"” However, building on our previous
work, we envisaged that our methodology could be
applied to intramolecular alkene dicarbofunctional-
ization, providing a facile method to synthesize 3,3-
disubstituted heterocyclic compounds, with the
established benefits of mechanochemical XEC
preserved (Scheme 1C).

Results and Discussion

Our studies commenced with the investigation of a
model reaction system, fluoro-substituted aryl
acrylamide (1a) and 1-iodooctane (2a). Initial
reactions revealed that the desired dicarbofunction-
alization (DCF) product (3a) could be formed in
23% isolated yield using NiCl,-6H,0 (10 mol %) as
the catalyst, 1,10-phenanthroline (20 mol %) as the
ligand, zinc (2 equiv.) as the reductant, DMA
(3 equiv.) in LAG quantities, with a 2-hour reaction
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aBromobenzene (2 equiv.) used. *Sodium iodide (1 equiv.) used and 2 omitted.

Scheme 3. Scope of ball-milled alkene dicarbofunctionalization.

time and a 0.3 mmol reaction scale (see Supporting
Information for experimental procedures). How-
ever, XEC product (3aa) was also formed in 22%
isolated

yield. A full reaction optimization was carried
out, leading to the following ‘optimal’ conditions;
NiCl,-6H,0 (10 mol%) as the catalyst, 1,10-phe-
nanthroline (20 mol%) as the ligand, manganese
(3 equiv.) as the reductant, DMA (3 equiv.; 0.28 pL/
mg), and a 4-hour reaction time (see Table S1 of
Supporting Information for optimization details).
Additionally, increasing the reaction scale from 0.3
to 1 mmol had a significant impact on the efficacy
of the process. These conditions yielded the desired
product (3a) in 67% isolated yield, with only trace
amounts of the XEC product (3aa) observed
(Scheme 2, entry 1). Variation from these ‘standard’
conditions, such as changing the catalyst to
NiCl,(DME), or the ligand to either bipyridine or
terpyridine led to a decrease in product yield
(entries 2—4). Changing the reductant to zinc
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yielded an approximately 1:1 ratio of DCF product
3a and XEC product 3aa, and organic reductant
tetrakis(dimethylamino)ethylene = (TDAE)  was
largely ineffective (entries 5 and 6). The catalyst
loading could be reduced to 5 mol% and the
reaction time to 2 hours without sacrificing product
yield in the model system (entries7 and 8),
however, initial investigations into the scope of the
reaction revealed that 10 mol% of catalyst and a
4 hour reaction time were more effective, hence
were maintained as such. Testing the conditions at
the original reaction scale of 0.3 mmol gave a lower
product yield than at 1 mmol (entry9). And
increasing the scale further to 2 mmol did not lead
to an improvement in yield, hence we proceeded
with 1 mmol as the optimal reaction scale (en-
try 10). Control reactions revealed that the process
is ineffective in the absence of nickel, ligand,
manganese, or DMA (entries 11-14). However, the
presence of steel from the milling media is not
critical to the reaction success, as 48% NMR yield
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of 3a was achieved when the reaction was run on a
planetary ball-mill with zirconia based milling
media (entry 15). This reduction in yield can most
likely be attributed to the lower energy forces
imparted by the planetary mill compared to a mixer
mill. Additionally, the application of heat was
shown to improve the product yield on a short
timeframe (entries 16 and 17), but the room temper-
ature result coupled with a 2 to 4 hour reaction time
was more effective overall. With these conditions in
hand, we moved on to investigate the substrate
scope of this process (Scheme 3). We demonstrated
that the model system could be scaled up 10-fold to
yield 1.60 grams of product 3a, albeit in slightly
lower yield, simply by increasing the jar size to
30 mL and the ball size to 12 g. For the coupling
with alkyl iodides, it was shown that the chloro and
iodo analogues of the model substrate (1a) could be
employed, furnishing 3a in 36% and 58% yield,
respectively. Other successful alkyl iodides in-
cluded 1-iodopentane, neopentyl iodide and 1-
iodocyclohexane, furnishing 3¢, 3d and 3e, respec-
tively, in moderate to good yields. For the coupling
with alkyl bromides, it was found that adding an
equivalent of sodium iodide was necessary for
improved reactivity (see Table S2 of Supporting
Information for details).

To this end, alkyl bromides containing an ester,
methyl ether, and nitrile groups were successfully

a) solution-phase comparisons
[

Me Bu
E
o
. N
Mn powder (3 equiv.) .

DMA Me
2b 3d
1 mmol 2 equiv.

e DMA (0.1 M) Bag' DMA (0.1 M) Cag‘ Mn pre-mill, || D° ((([==])
t 80 °C 5 min, 30 Hz DMA (3 i
U 16 h, Ny 16 h, Np then B 30 HZ( 4eﬂu';i})

NiCl,*6H,0 (10 mol %)
1,10-phen (20 mol %)
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NJ\gMe + l\e,‘Bu
Me
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100% 100% 100% 100%
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Scheme 4. A) Solution-phase comparisons, B) Asymmetric
induction.
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employed to furnish their respective products (3f,
3g, 3h) in modest yields. Other examples include
various cycloalkyl containing products (3k-3m)
and a citronellyl chain (3n), which was produced as
a 1:1 inseparable mixture of diastereomers. For the
alkene tethered aryl bromide portion of the scope,
neopentyl iodide was chosen as the coupling
partner, as this example gave the highest yield
during the alkyl halide scope. To this end, a variety
of substitutions on the aromatic ring of the aryl
bromide was tolerated, including a methyl ester
(3dd), trifluoromethyl (3de), cyano (3df), and
methoxy (3dh); all in moderate to good yields.
Gratifyingly, a chloro-substituted oxindole (3dg)
could be prepared, without any competing reactiv-
ity at the C—Cl site, allowing for further functional-
ization (cross-coupling) to be carried out. A steri-
cally hindered ortho methylated oxindole (30)
could be successfully synthesized, albeit in lower
yield, as well as an aza-oxindole (3 p) in moderate
yield. The substitution on the nitrogen could be
varied to a benzyl group (3q) and the acrylamide
moiety could be varied to a phenacrylamide (3r) or
a dimethyl acrylamide (3 s) derived from tiglic acid,
albeit in lower yields. In the latter case, the product
was obtained as an approximately 3:1 inseparable
mixture of diastereomers. Additionally, it was
shown that an sp’—sp® coupling is tolerated by
employing bromobenzene as the second electro-
phile, furnishing 3t, in low yield. Interestingly,
when sodium iodide was used as an additive and the
second electrophile was omitted, the reductive
Heck-type product (3ab) could be formed in 48%
yield. Some unsuccessful substrates included at-
tempts to synthesize other 3,3,—disubstituted het-
erocycles, such as benzothiophenone, and attempts
to utilize tertiary alkyl halides, such as tert-butyl
iodide. It can be noted that our developed process is
a blended approach i.e., our substrates are synthe-
sized by solution-phase methods and then subjected
to the mechanochemical protocol, however, we are
able to synthesize our substrate mechanochemically
using a previously reported protocol for the direct
amidation of esters, albeit in reduced yield (see
Supporting Information for details).'"”® Following
this, we carried out solution-phase comparisons
analogous to our ball-milled process, as there is no
direct comparison available in the literature. Three
sets of conditions were performed: A) dry DMA,
room temperature, under nitrogen, for 16 hours, B)
dry DMA, 80°C, under nitrogen, for 16 hours, and
C) pre-milled manganese (5 min) then conditions
B) (Scheme 4A). Only conditions B and C produced
any product (3d), 11% and 40% by NMR, respec-
tively. These results highlight the requirement to
explicitly activate the terminal reductant in these
processes. Whereas the ball-milled process pro-
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Scheme 5. Mechanistic studies: A) Radical clock reaction, B) Organomanganese formation, C) Radical trapping reaction, D)

Plausible mechanism.

vides 79% product by NMR after only 4 hours,
without the need for heating or dry conditions.

Next, we sought to investigate the potential for
enantioinduction, as the oxindole products are
chiral. A small screen of common chiral ligands
(see Supporting Information for details) revealed
that a tert-butyl substituted PyrOx ligand could be
utilized in place of 1,10-phenanthroline to furnish
3a in 34% yield and with 46% enantiomeric excess
(Scheme 4B). The yield and ee are modest, how-
ever, provides a proof-of-concept for enantioselec-
tive nickel-catalysis under mechanochemical con-
ditions.

To elucidate the mechanism, a series of experi-
ments were carried out, which would allow the fate
of the alkyl halide to be discerned i.e., whether an
alkyl radical or organomanganese intermediate is
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present. This included using (cyclopropyl)methyl
bromide (2¢) as the alkyl halide coupling partner,
which gave exclusive formation of the rearranged
products 3ua and 3ub in a 43% combined isolated
yield, with no observable amount of the unrear-
ranged product 3v (Scheme 5a). The presence of
chain-walked product 3ub suggests a nickel-
hydride intermediate could be present in the
mechanism, also.'” It is possible that the rear-
ranged products 3ua and 3ub could arise from a
radical pathway or from an organomanganese
intermediate, which has been reported via an
organozinc reagent.!'” To probe this further, alkyl
bromide 2d was milled with manganese and DMA
for 4 hours followed by an acid quench (Sche-
me 5c¢). The hydrolyzed compound 2 da was formed
in 31% yield by NMR, demonstrating the potential
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to form organomanganese intermediates under these
conditions. Running the same reaction with an
equivalent of sodium iodide increased the NMR
yield of the hydrolyzed compound (2da) to 60%.
Additionally, radical trapping experiments using 2
equivalents of either 2,2,6,6-tetramethylpiperidine
l-oxyl (TEMPO) or butylated hydroxytoluene
(BHT) were carried out (Scheme 5b). The reaction
with TEMPO resulted in no product formation,
which could suggest the interception of radical
intermediates, however the expected TEMPO ad-
duct (4a) could not be detected and only starting
materials were observed by either NMR or mass
spectrometry. The reaction with BHT resulted in a
reduced yield of the product (3a), 45% by NMR,
suggesting that a radical pathway was supressed.
However, we cannot rule out these reductions in
yield arising from changes in rheology affecting the
mixing efficiency of the reaction mixture.

All of this considered, it appears that our process
could follow one of two reaction pathways, one
involving a single-electron transfer process to
generate an alkyl radical intermediate, or the other
via an in situ generated organomanganese inter-
mediate (Scheme 5d). The pathway involving radi-
cal intermediates is generally accepted in solution-
phase reports, however, the formation of 3t during
the substrate scope, using bromobenzene as the
second electrophile, suggests that an organomanga-
nese pathway could predominate (c¢f. Scheme 3).

Conclusion

In conclusion, a mechanochemical method to
synthesize 3,3-distubstituted oxindoles via nickel-
catalyzed alkene difunctionalization has been de-
veloped. This process has good substrate scope and
has several key benefits over solution-phase ana-
logues, namely shorter reactions times, no require-
ment for bulk reaction solvent, inert reaction
atmospheres or explicit activation of the terminal
reductant (manganese). We also demonstrated that
the process is amenable to scale-up and asymmetric
induction is possible by utilizing a chiral ligand.
Further investigations into the activation of zero-
valent metals, such as manganese and zinc, and
their application in organic transformations are
currently ongoing.

Experimental Section

For optimization data, experimental procedures, and charac-
terization data, see the accompanying Supporting Informa-
tion (PDF)
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