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ABSTRACT: Multicomponent catalytic processes that can generate multiple C(sp%)—C(sp®) bonds in a single step under mild con-
ditions, particularly if the catalysts and substrates are inexpensive, are highly sought-after in chemistry research for complex molecule
synthesis. Here, we disclose an efficient Ni-catalysed reductive protocol that chemoselectively merges alkenyl amides with two dif-
ferent aliphatic electrophiles. Starting materials are readily accessible from stable and abundant feedstock and products are furnished
in up to >98:2 regioisomeric ratios. The present strategy eliminates the use of sensitive organometallic reagents, tolerates a wide array
of complex functionalities and enables regiodivergent addition of two primary alkyl groups bearing similar electronic and steric
attributes across aliphatic C=C bonds with exquisite control of site selectivity. Utility is underscored by the concise synthesis of
bioactive compounds and post-reaction functionalizations leading to structurally diverse scaffolds. DFT studies revealed that the
regiochemical outcome originates from the orthogonal reactivity and chemoselectivity profiles of in situ-generated organonickel

species.

INTRODUCTION

Transition metal-catalysed difunctionalization of unsaturated
hydrocarbons represents one of the most important classes of
reactions in chemistry and has extensive applications in organic
synthesis.? In this regard, a versatile set of transformations that
have emerged as a powerful way through which molecular com-
plexity can be expeditiously generated is the site-selective ad-
dition of two different carbon-based moieties across C=C
bonds.? These reactions enable the direct incorporation of func-
tionalities without the unnecessary intermediacy of precursors
that otherwise have to be subjected to further C—C bond-form-
ing derivatizations.® Notwithstanding the advances thus far,
conceiving a general protocol for the regioselective insertion of
sp®-hybridized carbogenic groups remains a prevailing goal in
multicomponent catalytic alkene dicarbofunctionalizations.
Compared to sp>-hybridized species, aliphatic substrates often

exhibit attenuated reactivity (e.g. reluctance to undergo oxida-
tive addition*®) and/or are prone to undesirable side pathways
(e.g. B-H elimination of the alkyl unit%). Reports in olefin dial-
kylation are scarce and often involve activated nt-frameworks®’
or two-component systems® with organometallic nucleophiles.

An attractive approach to deliver alkyl additions to less-acti-
vated aliphatic olefins that obviates the need for unstable pre-
synthesized alkylmetal reagents,® relates to the direct use of or-
ganohalide electrophiles in the presence of a Ni-based catalyst
and an inexpensive stoichiometric reducing agent.’® To date,
high site selectivity can only be obtained when the two organo-
halides are electronically and/or sterically distinguishable®
(Scheme 1a). In cases where there is imperceptible bias (e.g.
two primary alkyl halides), regioisomeric ratios severely dimin-
ish. As exemplified in Scheme 1b, attempts to carry out dialkyl-



ation of olefin 4a with benzyl halide 1 and 1-iodobutane 2a un-
der Ni-catalysed reductive conditions only led to a complex
mixture of products, generating regioisomeric 5 and 5' in low
yields and selectivity (3:1-1:1 ratio). Significant amounts of
homo-dialkylation (6 and 7) and cross-electrophile coupling by-
products were also detected. We surmised that the poor regio-
chemical outcome stems from the inability of the catalytic or-
ganonickel species to discern the inappreciable reactivity dif-
ferences between the two aliphatic halides, consequently lead-
ing to non-selective alkene insertions and mixtures of regioiso-
meric products.

Scheme 1. The challenges in reductive dicarbofunctionali-
zation of aliphatic olefins
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RESULTS AND DISUSSION
Reaction design and mechanistic investigations

In contemplating a plausible solution to the problem de-
scribed in Scheme 1b, we wondered if electrophilic N-
(acyloxy)phthalimides (stable and readily accessible from
abundant and inexpensive carboxylic acids)'2 may be leveraged
as reagents to promote alkyl additions to aliphatic olefins. How-
ever, as shown in Scheme 2a, redox-active esters 9 have only
been employed in catalytic difunctionalization reactions involv-
ing activated alkenes (e.g. styrenes, acrylates, trifluoromethyl-
ated olefins)*® or 1,3-dienes.** Under the established conditions,
9 is prone to undergo decarboxylation through single electron
transfer (SET) pathways that ultimately generate an alkyl radi-
cal i, which is subsequently trapped by the olefin substrate in a
relay process to afford ii (Scheme 2a, dashed inset). Following
catalyst recombination and further conversions, the desired di-
functionalization product can be secured in high site selectivity,
although only one regioisomer can be accessed in most disclo-
sures.

Taking advantage of the susceptibility of redox-active N-
(acyloxy)phthalimides 9 to SET processes in the presence of a
nickel-based complex*? (vs. halogen atom abstraction/radical
recombination with alkyl halides), we postulated that a combi-
nation of 9 and haloalkane 2 may provide the requisite reactiv-
ity differentiation for regioselective dialkyl additions to unacti-
vated C=C bonds in the presence of a directing auxiliary and a

reductant (Scheme 2b). Successful implementation of this strat-
egy requires that 9 first reacts with an organonickel species in
the catalytic cycle, possibly generating intermediate iii that un-
dergoes migratory insertion across the Ni-coordinated olefin,
before preferentially engaging with 2 to furnish the final prod-
uct 5 (or vice versa). Such a reaction trajectory (vs. the radical
relay sequence in Scheme 2a) is relatively unexplored in the
context of N-(acyloxy)phthalimide additions to alkenes. Fur-
thermore, by reversing the aliphatic electrophiles employed (i.e.
exchanging G! and G?), access to the opposite regioisomer of 5
could be accomplished. In contrast to using bimetallic catalysis
to promote orthogonal substrate activation,'>® designing a sin-
gle-catalyst system for site-selective dialkylation demands a
greater degree of chemoselectivity with which the catalytic in-
termediates react with 2 and 9 without a large excess of either
electrophilic reagent. This is more challenging to overcome
compared to dialkylations that utilize distinct alkylmetal nucle-
ophiles and haloalkane electrophiles,® where chemoselectivity
is less problematic.

Scheme 2. Design of a new catalytic regime employing
haloalkanes and N-(acyloxy)phthalimides for site-selective
dialkylation of unactivated C=C bonds
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A general catalytic reductive manifold for regioselective al-
kene dialkylation that tolerates commonly occurring functional
groups would be a significant addition to an important but lim-
ited set of transformations, facilitating the convergent synthesis
of bioactive compounds and new analogues (see below for fur-
ther discussion). What is more, by facile hydrolysis of the am-
ide directing group followed by established catalytic decarbox-
ylative reactions,*17185 could be further converted to a wider
assortment of highly functionalized compounds which might
aid the development of chemical libraries for screening. Finally,
the mechanistic insights derived from our studies could provide
inspiration for designing new multicomponent processes that
exploit the orthogonal reactivity exhibited by in situ-generated
organonickel species towards different electrophiles. Herein,
we disclose the details of a directed nickel-catalysed protocol
that delivers site-selective dialkylation of unactivated alkenyl
amides.



Scheme 3. The underlying mechanistic principles for regioselective reductive alkene dialkylation
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We commenced our studies by examining conditions that
promote the union of directing group-tethered aliphatic olefins
with 2a and N-(acyloxy)phthalimide 9a. After an extensive
evaluation of conditions including directing auxiliaries, Ni-
based salts, solvents and reducing agents (see Tables S1-4 for
details), best results were secured when 8-aminoquinoline-teth-
ered alkene 4a was merged with 2a and 9a in the presence of
20 mol % Nil, and 3 equiv. Mn in DMSO/MeCN, furnishing 5a

in 71% vyield and complete site selectivity with trace amounts
of homo-dialkylation by-product (Scheme 3a). This unexpected
outcome is a remarkable improvement compared to the analo-
gous reaction using alkyl halides in which 5a was generated in
poor yield as a 50:50 regioisomeric mixture with significant for-
mation of side products (cf. Scheme 1b).



Based on the above experimental observations, density func-
tional theory (DFT) method M06-L*° was employed to investi-
gate the mechanistic nuances that account for the orthogonal
reactivity of the two electrophiles in the Ni-catalysed reductive
alkene dialkylation (Scheme 3b). In the presence of Mn,
nickel(l) salts may be reduced to Ni(0) species,'%% which
could associate with 8-aminoquinoline-tethered olefin 4a to
generate Ni(0) complex v, the key species to be considered in
the following processes. Under the reaction conditions, either
N-(acyloxy)phthalimide 9b or iodoethane 2b (model substrates)
could serve as the oxidant to react with v. Specifically, the com-
petition between these two electrophilic reagents in the Ni oxi-
dation steps will influence the regiochemical outcome of the
olefin dialkylation. In our theoretical study, three types of oxi-
dative mechanisms® involving inner-sphere single electron
transfer (ISET), outer-sphere single electron transfer (OSET)
and concerted oxidative addition (OA) were examined for the
reaction of 9b or 2b with different Ni species. When 2b was
used as oxidant to react with Ni(0) complex v, the calculated
free energy barrier for the ISET process was 13.1 kcal/mol via
an ISET-assisted homolytic C—I bond cleavage transition state
ts-7 leading to the formation of a Ni(l)-iodide species int-6 and
an ethyl radical. Subsequent recombination with ethyl radical
furnishes Ni(Il)-alkyl intermediate int-7. Although intermedi-
ate int-7 could also be generated from a concerted OA process
via three-membered ring transition state ts-11, such a pathway
could be excluded by the relatively higher free energy barrier
of 18.9 kcal/mol.

Alternatively, when 9b undergoes reaction with v, DFT cal-
culations revealed that the free energy barrier for the ISET path-
way (homolytic N-O bond dissociation) is only 10.5 kcal/mol
via transition state ts-1. In this process, the coordination of
phthalimide nitrogen to the Ni center results in N-O bond
cleavage in 9b, generating a Ni(l)-phthalimide species int-1
with concomitant release of a phenylacetate radical 9”. Facile
decarboxylation of 9” ejects a benzyl radical, which can further
oxidize int-1 via transition state ts-3 to afford Ni(ll)-benzyl in-
termediate int-2. In contrast, the free energy barrier for the con-
certed OA pathway was found to be much higher (20.7 kcal/mol)
than that of the ISET process. On the other hand, 9b may serve
as a single electron acceptor and participate in a OSET process
as commonly proposed in the literature.!? The calculated acti-
vation free energy for this pathway by using approximation of
modified Marcus theory?'is 12.1 kcal/mol to deliver a cationic
Ni(l) intermediate int-4 that is 11.3 kcal/mol endergonic. How-
ever, after the ensuing phthalimide anion transfer to form int-1
via ts-5, the calculated activation free energy of the overall pro-
cess is as high as 22.6 kcal/mol. Thus, the OSET pathway is
likely to be unfavorable.

On the basis of the above calculations, N-
(acyloxy)phthalimide 9b is found to chemoselectively react
with Ni(0) complex v through stepwise ISET-type oxidation,
contrary to previously established pathways, to afford Ni(ll)-
benzyl intermediate int-2. Following intramolecular 1,2-alkene

insertion into the Ni—C(benzyl) bond and single electron reduc-
tion by Mn, a Ni(l)-alkyl species ix-b is formed, which can sub-
sequently react with either 9b or iodoethane 2b. Further DFT
studies indicated that ix-b readily reacts with 2b through a ISET
process via transition state ts-12 with an activation free energy
of only 5.4 kcal/mol. The resulting Ni(Il)-iodide int-9 then cap-
tures the ethyl radical to furnish Ni(lll)-dialkyl intermediate
int-10, which is susceptible to reductive elimination to yield the
desired dialkylation product.

Scheme 4. Radical clock studies
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For comparison, we also evaluated the reactivity profile of
ix-b with N-(acyloxy)phthalimide 9b. The calculated free en-
ergy barrier for the ISET pathway is 14.6 kcal/mol via transition
state ts-19, which is 9.2 kcal/mol higher than that with 2b via
ts-12. Furthermore, the corresponding OSET and OA pathways
were also found to be energetically less favorable compared to
the calculated ISET pathway with 2b. Therefore, the excellent
site selectivity that was observed in Scheme 3a primarily arose
from the orthogonal reactivity of N-(acyloxy)phthalimide 9b
and iodoethane 2b with different organonickel species (i.e. v
and ix-b) generated in the catalytic system.

Scheme 5. The scope of redox-active esters in catalytic reductive dialkylation?
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The origin of the high regioselectivity cannot be simply ra-
tionalized by conventional electronic and/or steric arguments
involving the two electrophiles and the in situ-generated Ni
complexes v and ix-b. To gain further insights, careful distor-
tion/interaction analysis?? of the four ISET-type transition states
ts-1, ts-7, ts-12, and ts-19 was carried out, where the total acti-
vation energy ( A E”.) was separated into the distortion energy
of two reacting partners (A E i) and the interaction energy
between those two distorted partners (A E ). As shown in

Scheme 3c, when N-(acyloxy)phthalimide 9b reacts with Ni(0)
species v, a large interaction energy of -40.2 kcal/mol was ob-
served in transition state ts-1. This can be explained by the
strong association of the phthalimide nitrogen with the Ni cen-
ter. The distortion energy of ts-1 largely arises from dissocia-
tion of the 8-aminoquinoline amide nitrogen, which may be nul-
lified by the coordination of 9b. On the contrary, the interaction
between iodoethane 2b and v in transition state ts-7 is signifi-
cantly lower. Hence, A E” . becomes more favorable in ts-1
(vs. ts-7) and v is predicted to preferentially undergo oxidation

5



with 9b (instead of 2b). Intriguingly, the interaction between 2b
and the more electron-deficient Ni(l) species ix-b is dramati-
cally enhanced in transition state ts-12, whereas the distortion
energy remains almost unchanged (vs. ts-7). On the other hand,
the association of ix-b with 9b causes greater distortion within
ts-19 (D, dihedral angle; Dni-ninz-c = 133.0° vs. reaction with
2b via ts-12, Dni-ni-nz-c = 167.59). Therefore, the second oxida-
tion involving ix-b would selectively occur in the presence of
2b (instead of 9b).

Our DFT results are supported by control experiments in
which both the N-(acyloxy)phthalimide and alkyl halide reagent
likely reacted through ISET-type radical processes (Scheme
4a,b). Although the use of (iodomethyl)cyclopropane 2s deliv-
ered the expected product 5bc with no trace of ring rupturing,
computations showed that the ring-opening rate of the cyclo-
propylmethyl radical intermediate (generated from iodine ab-
straction/radical recombination) is comparatively slower than
the rate of radical association with the catalytic organonickel
species (Scheme 4c). This result is in contrast to a previous di-
alkylation disclosure in which only the ring-cleaved product
was detected.®

Consolidating the information derived from experimental
and theoretical studies, we propose a possible catalytic cycle
(Scheme 3d) that begins with initial formation of a putative
Ni(0) species iv (possibly from reduction of the Ni(ll) pre-cat-
alyst by Mn)1%09 that undergoes ligand exchange with sub-
strate 4a to generate Ni(0) complex v. Instead of engaging with
the alkyl halide 2, v chemoselectively reacts with the N-
(acyloxy)phthalimide 9 through an ISET process to afford a
Ni(l)-phthalimide intermediate vi and a carboxylate radical.
Facile extrusion of CO; furnishes an alkyl radical that recom-
bines with vi to give Ni(ll)-alkyl intermediate vii. An intramo-
lecular site-selective alkylnickelation across the chelated ©
bond to form viii followed by reduction of the Ni center by Mn
could proceed to generate Ni(l)-alkyl complex ix. At this stage,
ix preferentially reacts with 2 through another ISET pathway to
deliver a new Ni(lll)-alkyl species xi (via x) that reductively
eliminates to release the desired dialkylation adduct 5, before
an ensuing reduction process and ligand exchange regenerate v.

Substrate scope and synthetic applications

We first surveyed the reaction scope by merging different
classes of aliphatic N-(acyloxy)phthalimides 9 with alkene 4
and iodoalkane 2 under the optimized conditions (Scheme 5). A
wide assortment of primary alkyl-substituted redox-active es-
ters underwent reductive dialkylation, affording the desired ad-
ducts 5¢-5p in 34-69% vyield and >95:5 regioisomeric ratios.
These include products containing heterocycles (5k, 5n) as well
as a halogen motif (5f) and a protic N-H group (5g, 50) that
might otherwise react if the corresponding alkylmetal reagent
is utilized.?

N-(Acyloxy)phthalimides derived from multifunctional and
biologically active carboxylic acids also reacted to deliver
509-5r, further underscoring the method’s exceptional func-
tional group tolerance. Yields were somewhat diminished when
reagents bearing long-chain alkyl units were involved (50-5p
and 5s—-5u) owing to competitive formation of homo-dialkyla-
tion, cross-electrophile coupling and other side products (see
Tables S5-11 for details). Nevertheless, the catalytic protocol
is amenable to the selective generation of either regioisomer
(5t=5u) simply by exchanging G* and G? moieties within 9 and
2.

Reactions with secondary and tertiary alkyl-substituted N-
(acyloxy)phthalimides were similarly effective to deliver regi-
oisomerically pure products 5v—5ae in up to 58% vyield. These
comprise of molecules that bear heteroatom-substituted (5x,
5ae) and all-carbon quaternary (5aa—5ad) stereogenic centers,
offering a broader range of adducts compared to a previous pro-
tocol involving largely primary alkyl additions with organozinc
reagents.® For reactions that employed tertiary alkyl redox-ac-
tive esters, DFT calculations suggested that both intramolecular
alkylnickelation (cf. Scheme 2b) and radical relay-based pro-
cess (cf. Scheme 2a) are energetically comparable, which
means that either pathway may be operative under the reaction
conditions to deliver the same sense of regioselectivity (see Fig.
S2 for details). Extending the carbon-chain length to y,3-un-
saturated alkenyl amides did not appreciably affect dialkylation
as the corresponding adducts 5af-5ai could be generated in
38-52% vyield. However, substrates with 1,1- or 1,2-disubsti-
tuted C=C bonds were unreactive (<5% conv. to product).

Scheme 6. The scope of aliphatic halides in catalytic reduc-
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2All dialkylation products were obtained as single regioisomers. Yields are for isolated
and purified products. For 5ak and 5at, NiBrz(diglyme) was used as catalyst. For 5ak,
4-methoxybenzyl chloride was used as reagent and DMPU was used as solvent. See
Supporting Information for details.

The nature of the alkyl iodide 2 could also be varied under
the optimized reductive dialkylation conditions (Scheme 6).
Various functionalized products 5aj—5ay, including those that
bear an acid-labile acetal (5an), an alkyne (5a0), carboxylic es-
ters (5ag-bar), a Lewis basic phthalimide (5as), a Bransted
acidic phenol (5at), an aldehyde (5av) as well as a cyclic enoate
(5ax) could be secured in up to 73% yield as single regioiso-
mers. As highlighted by the formation of 5ay, the catalytic
method is also compatible with reagents derived from complex



molecules such as B-lactamase inhibitor sulbactam, whose sen-
sitivity to alkaline conditions®* might pose problems with basic
organometallic reagents.

The ability to construct two C(sp*)—C(sp®) bonds in one step
with exceptional site selectivity under mild reaction conditions
presents an opportunity to devise new synthesis routes for a
number of important compounds of interest (Scheme 7a). In one
instance, amide deprotection of the dialkylation product 5az
(synthesized on 2 mmol scale) led to the known acid 10a, a pre-
cursor of antibiotic potentiator 11a, in 51% overall yield. The
three-step sequence from commercially available starting mate-
rials is more concise than a previous five-step route.? Further-
more, this approach potentially allows new substituted ana-
logues to be more readily accessed for evaluation of medicinal
properties by merging different combinations of N-
(acyloxy)phthalimides and alkyl halides. An exemplary case re-
lates to the facile preparation of methoxy-derivative 11b, which
may be generated from 5am via 10b.

Scheme 7. Access to medicinally relevant molecules and fur-
ther transformations?
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and purified products. See Supporting Information for details.

The second application involves the preparation of 13, an in-
termediate employed in the synthesis of a compound with anti-
bacterial and anti-cancer activities.?® Conversion of 5ba (syn-
thesized on 1 mmol scale) to the corresponding redox-active es-
ter 12 followed by Ni-catalysed reductive cross-coupling’ with
1-(benzyloxy)-4-iodo-2-methoxybenzene delivered 13 in 54%
yield over three steps. A similar decarboxylative strategy was
adopted to afford a variety of different analogues (see Support-
ing Information Section 2.4C for details).

As shown in Scheme 7b, the appropriate combination of cat-
alytic reductive dialkylation of unsaturated amides and catalytic
decarboxylative cross-coupling can enable multiple carbon-car-
bon linkages to be installed in a regioselective fashion, thus
providing an expedient avenue to create complexity and diver-
sity for compound library synthesis. To further illustrate this
versatility, N-(acyloxy)phthalimides derived from dialkylation
adducts were subjected to established decarboxylative transfor-
mations®*¢1"18 (furnishing C(sp)-C(sp®), C(sp?)-C(sp®) and
C(sp*)—C(sp®) bonds) to give 15a—c in 81-86 % yield (Scheme
7b).

CONCLUSIONS

By leveraging the differences in reactivity and chemoselec-
tivity patterns of in situ-generated organonickel species, we
have successfully developed a directed Ni-catalysed manifold
that efficiently merges unactivated alkenyl amides with haloal-
kanes and aliphatic redox-active esters under reductive condi-
tions. This approach avoids the use of sensitive organometallic
reagents and overcomes the longstanding challenge of installing
two primary alkyl units, derived from stable electrophilic rea-
gents, across C=C bonds with remarkable regioselectivity. The
present protocol's capability to forge multiple C—C bonds be-
tween sp*-hybridized moieties that constitute the skeletal back-
bone of organic molecules,?” along with the relative ease of
product derivatization, offer a direct entry to multifunctional
entities. The insights gained from these studies are expected to
aid future development of reactions that involve multiple elec-
trophiles for the assembly of important compounds of interest.
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