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Abstract

Herein, we leverage the Ni-catalyzed enantioselective reductive dicarbofunctionalization of
internal alkenes with alkyl iodides to enable the synthesis of chiral pyrrolidinones bearing vicinal
stereogenic centers. The application of newly developed 1-NaPQuinim is critical for formation

of two contiguous stereocenters in high yield, enantioselectivity, and diastereoselectivity. This
catalytic system also improves both the yield and enantioselectivity in the synthesis of a,a-
dialkylated -y-lactams. Computational studies reveal that the enantiodetermining step proceeds
with a carbamoyl-Ni(l) intermediate that is reduced by the Mn reductant prior to intramolecular
migratory insertion. The presence of the £butyl group of the Quinim ligand leads to an
unfavorable distortion of the substrate in the TS that leads to the minor enantiomer. Calculations
also support an improvement in enantioselectivity with 1-NaPQuinim compared to #©!Quinim.
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The enantioselective reductive dicarbofunctionalization of internal alkenes has been developed

to enable the formation of vicinal stereogenic centers. This protocol allows for facile synthesis

of chiral pyrrolidinones bearing vicinal or quaternary stereocenters with excellent enantio- and
diastereoselectivities. DFT calculations suggest that the enantiodetermining step is intramolecular
migratory insertion with a carbamoyl-Ni(l) intermediate.
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Introduction

Transition metal-catalyzed dicarbofunctionalization of alkenes has emerged as a versatile
synthetic tool for the rapid construction of complex and useful molecules from

simple chemical feedstocks.[2~2] In particular, Ni-catalyzed enantioselective reductive
dicarbofunctionalization of alkenes is currently undergoing rapid development to
stereoselectively construct new carbon-carbon bonds across an alkene,[31 which circumvents
the use of prefunctionalized organometallic reagents. This strategy enables the expedient
synthesis of a range of valuable (hetero)cyclic structures that are frequently found in
bioactive compounds.[4~7] Developed methods are mainly restricted to the use of terminal
alkenes tethered to an electrophile, in which a chiral ligand enables the enantiodetermining
migratory insertion of an organonickel intermediate to foster a single stereogenic center
(Scheme 1a). In sharp contrast, the use of internal alkenes presents an inherent challenge
for nickel-catalyzed reductive difunctionalization, which could be attributed to several
factors.[8] First, the lower reactivity and lower affinity of the internal alkene for nickel
often impedes migratory insertion, leading to potential byproducts arising from direct
intermolecular reductive cross-coupling between two electrophiles. After an enantioselective
migratory insertion step, it could be challenging to achieve a high diastereomeric ratio in
the newly formed vicinal stereocenters due to the homolytic character of the alkylnickel
intermediate generated 7 sitw.[5): 91 Moreover, the preference for acyclic 1,2-disubstituted
alkenes to undergo B-hydride elimination often results in Heck byproducts.[0] Therefore,
the enantioselective reductive dicarbofunctionalization of internal alkenes to forge vicinal
stereogenic centers would be highly desirable, but has thus far been elusive.[!1]

The catalytic enantioselective formation of nitrogen-containing heterocycles remains a
long-standing synthetic challenge. Among the various nitrogen heterocycles, the -y-lactam
scaffold is one of the most ubiquitous substructures that is found in natural products and
pharmaceuticals.[12] The transition metal-catalyzed difunctionalization of alkenes tethered
to a carbamoyl electrophile has recently emerged as an appealing strategy for accessing

the pyrrolidinone core structure.[!3-15] Herein, we report the asymmetric Ni-catalyzed
reductive dicarbofunctionalization of internal alkenes with a wide range of primary alkyl
iodides to access the pyrrolidinone scaffold bearing vicinal stereogenic centers in good
enantiomeric excess and diastereoselectivity under mild conditions (Scheme 1b). Moreover,
DFT calculations support a revised reaction mechanism and provide insight into the
improvement in enantioselectivity enabled by the modified 1-NaPQuinim ligand in the
enantiodetermining step for the construction of the pyrrolidinone backbone. These results
provide valuable information and a more in-depth understanding of Ni-catalyzed asymmetric
reductive cross-coupling reactions.
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Results and Discussion

Reaction Optimization

We began our investigations by selecting 1,2-disubstituted alkene-tethered carbamoyl
chloride 1a as the model substrate and primary r+heptyl iodide 2a as the coupling
component to optimize the enantioselective synthesis of pyrrolidinone 3a with vicinal
stereogenic centers (Table 1). It was found that the combination of bench-stable
Ni(ClOg4)2*6H,0 (15 mol%) and Quinim L1 (18 mol%) in DMA/MeCN (v/v = 4/1, 0.2

M) with Mn (3.0 equiv) as reductant and LiBr as additive (1.0 equiv) afforded the reductive
cyclized cross-coupling product 3a in 50% corrected GC yield with a promising 90:10

er (entry 1). Importantly, this protocol is highly diastereoselective, with a diastereomeric
ratio of >20:1. Intriguingly, introducing an ethyl group at the ortho position of the aniline
(L2) could greatly improve the er to 94.5:5.5. When 1-naphthyl substituted Quinim L3

was employed, the desired product was obtained in 58% corrected GC yield with 95:5

er, indicating that substitution at the ortho position of arenes leads to superior ligands
compared to model ligand L1. Conversely, commercially available chiral ligands that have
been broadly utilized in Ni-catalyzed reductive cross-coupling reactions, such as Bu-PHOX
L4 and Bu-Biox L5, were not effective, while 5-CF3-Bu-Pyrox L6 afforded product 3a in
diminished yield (28%) and much lower enantiomeric excess (38% ee). A mixture of DMA
and acetonitrile (DMA/MeCN = 4/1) was more efficient than any single solvent (entries 2—
3). Other nickel catalysts such as Ni(cod), and NiBr,sDME resulted in decreased yield and
er (entries 4-5). The identity of the reductant also played a vital role in reaction efficiency,
and a poor result was obtained when using Zn instead of Mn (entry 6). The yield of 3a was
improved to 67% and 97:3 er with Kl as additive (entry 7). Finally, when the reaction was
performed in a DMA/MeCN mixture with Quinim L3 as supporting ligand, Mn as reductant,
and Kl as additive under 15 °C, the desired y-lactam 3a was obtained in 69% isolated yield
(77% GC yield) and 97:3 er (entry 8).

Substrate Scope

We next used the optimal conditions to explore the substrate scope of the reductive
dicarbofunctionalization of 1,2-disubstituted alkenes tethered to carbamoyl chlorides
(Scheme 2). Benzyl and alkyl protecting groups on the nitrogen atom were both

tolerated, leading to the corresponding products in moderate to good yields with high
enantio- and diastereoselectivity (3a-3c). This protocol was also suitable for A-para
methoxy phenyl substituted carbamoyl chloride 3d. We also investigated the effect of
substitution on the aromatic ring tethered to the alkene. Electron-neutral and electron-
donating substitutions on the arene did not interfere with consecutive C—C bond formation,
providing the corresponding products 3e-3h in good to high yields (63-76%) with excellent
enantio- (91-97% ee) and diastereoselectivity (24:1->99:1). Arenes containing an electron-
withdrawing chloride substituent were also able to forge two stereogenic centers (3i) in 89%
ee and excellent dr (>99:1). However, bromide substitution on the arene caused a sluggish
reaction, resulting in a diminished isolated yield (3j). Notably, a thiophene-substituted
alkene could also be accommodated in this transformation, affording the corresponding
product 3k in 86% yield and 95% ee, albeit with diminished diastereoselectivity (7:1

dr). When an isopropyl-substituted alkene was used under the standard conditions, the

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 September 05.
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desired product 3l was formed in very low yields (<10%). These data illustrated the
necessity of a vinylarene derivative to stabilize the benzylic nickel intermediate. This
protocol was not successful with trisubstituted alkene substrate 3m, presumably because the
enantiodetermining migratory insertion step of the carbamoyl-Ni species was hampered by
steric hindrance, and thus the reaction proceeded with low conversion; the direct reductive
coupling of carbamoyl chloride with alkyl iodide became the main reaction pathway. The
X-ray diffraction of 3g[16] unambiguously confirmed the R,S configuration of the newly
formed stereogenic centers of the pyrrolidinones.

This asymmetric Ni-catalyzed reductive alkyl-carbamoylation of 1,2-disubstituted alkenes
was highly diastereoselective. We thus explored the influence of the configuration of aryl
alkenes in the starting material on the diastereoselectivity of y-lactam product 3a (Scheme
3). Surprisingly, the utilization of both frans-alkene 1a and c/s-alkene 1n provided the same
pyrrolidinone 3a with excellent ee and dr (Scheme 3a and 3b). Using the same amount of
la and 1n under the standard conditions also generated the same major diasterecisomer 3a
in 55% yield with 94% ee and 31:1 dr (Scheme 3c). Combined with the above results, we
conclude that the stereochemical outcome of the pyrrolidinone product is not correlated to
the configuration of the alkene starting material. This can be advantageous for Ni-catalyzed
reductive dicarbofunctionalization reactions, since the stereodefined synthesis of internal
alkenes is often cumbersome.

The challenging trisubstituted alkene substrate 1m led us to explore the reactivity of 1,1-
disubstituted alkenes. To our delight, the 1-NaPQuinim-promoted Ni-catalyzed reductive
alkyl-carbamoylation was also suitable for a variety of 1,1-disubstituted alkene-tethered
carbamoy! chlorides and primary alkyl iodides under slight modification (Scheme 4). para-
Methoxy benzyl and secondary cyclohexyl protecting groups on the nitrogen atom of the
carbamoyl chlorides were competent in this reaction, affording products 5a and 5b with 93%
ee. However, using Quinim L1 provided pyrrolidinone 5a in diminished 84% ee. The effects
of substituents appended to the unactivated alkene moiety were also examined. Alkenes
bearing alkyl chains (5¢-5d), benzyl and PMB groups (5e-5f), and sterically hindered
groups including cyclopentyl (5h) and cyclohexyl (5i) were all suitable substrates for this
reaction, affording the corresponding products with high yield and er. Acyclic isopropyl-
substituted alkene substrates could also provide 5g in 63% isolated yield with decreased
enantioselectivity (91.5:8.5 er). Sterically hindered isobutyl iodides worked well with high
yield and enantioselectivity (5j). Functionalized electrophilic coupling partners were then
investigated. Alkyl iodides containing a protected ether (5k), a cyano group (51), as well

as an acetal group (5m), were all well-tolerated, furnishing the products with good isolated
yield and excellent er. Moreover, a Bpin group (5n) that could be employed in further
transformations was also compatible with this reductive protocol, which provides more
possibilities for the derivatization of the lactam product. Encouragingly, protected amine
functionality was also tolerated to afford 50 in 79% yield with 98.5:1.5 er. It is noteworthy
that free N—-H groups were tolerated under the reaction conditions: in the case of free N-H
containing anilines, the potential side pathway of intermolecular amidation with the reactive
carbamoy!l chlorides to access urea side products was completely inhibited. It should be
noted that tertiary alkyl iodides were not suitable under standard conditions.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 September 05.
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To further demonstrate the synthetic utility of this reductive cross-coupling protocol, the
derivatization of a,a-dialkylated pyrrolidinone 5a was carried out as shown in Scheme 5:
thiolactam 6 was obtained in 91% yield through reaction with Lawesson’s reagent. X-ray
diffraction of 6[171 unambiguously confirmed the S configuration of the thioamide, which
indicated the S configuration of the pyrrolidinones. CAN oxidation smoothly cleaved the
PMB protecting group of 5a, affording the unprotected y-lactam 7 in 73% isolated yield.
The ring-opening of lactam 7 provided y-amino acid 8 bearing a quaternary stereocenter.
LAH reduction delivered pyrrolidine 9 in quantitative yield.

Determination of Mechanism by Computational Investigation

Computational Methods—DFT calculations were performed with Gaussian 16.118] For
each structure, conformer searches were performed using CREST[29] in order to identify
the lowest-energy conformer. Geometry optimizations were performed with the B3LYP
functionall29-24] (which has been shown to perform well in calculations of Ni complexes),
[25] augmented with Grimme’s D3 empirical dispersion term with Becke-Johnson damping,
[26] and the def2-SVP basis set.[27:28] Frequency calculations confirmed the optimized
structures as minima (zero imaginary frequencies) or transition state structures (one
imaginary frequency) on the potential energy surface. Single point energy corrections
were performed using B3LYP-D3(BJ)/def2-TZVPP in the gas phase, which led to close
agreement with experimental results. A quasi-harmonic correction was applied using the
GoodVibes program.[29]

Enantiodetermining migratory insertion—First, we set out to determine the cause of
the enantioselectivity observed in the reactions of 1,1-disubstituted alkenes, as shown in
Scheme 4. In order to do this, we compared the migratory insertion transition states leading
to the two enantiomers (Figure 1a), which we found is the enantiodetermining step in the
reaction (the reaction profile is described in more detail in Figure 2).

Calculations were first undertaken to determine the factors affecting the enantioselectivity
of the reaction using the tolyl ligand, L1 (Figure 1b). In both the transition state leading to
the major enantiomer (TS-1a) and that leading to the minor enantiomer (TS-1b), the #Bu
group on the imidazoline ring fully blocks one side of the ligand system, thus arranging the
substrate to occupy the opposite side of the ligand sphere.

The major enantiomer was computed to be favored by 1.6 kcal/mol, which is consistent

with experimental results (92:8 er, which corresponds to a AAGg of 1.4 kcal/mol). This
preference is hypothesized to arise from strain between the ligand and the substrate in the
disfavored transition state, in which unfavorable interactions between the #Bu group of the
ligand and the forming lactam ring lead to distortion of the substrate away from the ligand.
In the TS for formation of the minor enantiomer, the carbonyl oxygen is in close proximity
to the #Bu group (2.4 A). Conversely, in the TS leading to the major enantiomer, the
substrate is orientated in a manner that positions the carbonyl and the A-substituent on the
other side of the ligand, near the quinoline fragment. Here, the carbonyl is in close proximity
to the aryl-H (2.4 A away). In addition, the TS leading to the major product favors an

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 September 05.
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orientation in which the alkene is #ransto the quinoline A, whereas in the TS leading to the
minor product, the favored TS is one in which the carbonyl C is #ransto the quinoline N,

In order to provide evidence for the hypothesis that a distortion of the substrate occurs in
the minor transition state due to unfavorable interactions with the #Bu group, noncovalent
interaction regions were plotted using NCIPLOT (see Supporting Information).[3%] Indeed,
these plots pointed to significant differences in interactions within two regions between

the TS for formation of the major enantiomer and minor enantiomer, where significant
interactions occur between the carbonyl of the substrate and the aryl group in the TS for the
major enantiomer, and between the #Bu group and the forming lactam ring for the minor
enantiomer.

In addition, the effects of removal of the #Bu group were evaluated explicitly. In order

to do this, the #-Bu group was replaced by a Me group, and a geometry optimization

was performed. This caused a significant change in geometry in the TS for the minor
enantiomer, particularly between the planes of the ligand N-Ni—N and the substrate C—
Ni—C. In the transition state for the reaction with the Me-containing ligand, the forming
lactam can relax into a position closer to the ligand sphere. Upon energy calculation with
B3LYP-D3(BJ)/def2-TZVPP, the difference in energy between the enantiomers decreased to
0.1 kcal/mol (compared to 1.6 with the #Bu ligand). This shows that the bulky #Bu group
is largely responsible for control of enantioselectivity. In order to test our stereoselectivity
model which predicted an 0.1 kcal/mol difference in transition state barriers between the
two enantiomers in the case of the Me-containing ligand, we synthesized this ligand and
determined an enantioselectivity of 40:60 er, which would correspond to a AAGtg of -0.2
kcal/mol and is thus in close agreement with our computational results.

Conversely, when the N—Me group of the substrate was replaced with an N-H in a similar
study, there was minimal change in the AAGtg (1.4 kcal/mol) compared to the original
substrate, which indicates that interactions between the N-Me group of the substrate and the
imidazoline ring do not contribute significantly to selectivity.

We performed analogous calculations using ligand L3—we hypothesized that installing
ortho substituents on the aryl ring would lead to higher enantioselectivity by forcing the
tbutyl group towards the forming lactam ring, thus further disfavoring formation of the
minor enantiomer. Consistent with experimental results, ligand L3 was also highly selective,
with a AAGtg of 1.8 kcal/mol, and led to a higher degree of enantioselectivity compared
with the original tolyl ligand (L1).

Reaction profile—In addition to analyzing the enantiodetermining step, we studied the
reaction profile to determine the mechanism. Here, a model system was used in which the
alkene is mono-substituted, and the ligand imidazoline ring is substituted with a phenyl
group. The initial oxidative addition of Ni(0) to the C—CI bond has a transition state
barrier of 10.3 kcal/mol. This reaction is exergonic by 16.8 kcal/mol. Subsequently, from
intermediate IntB, two pathways could be envisioned: (1) reduction of Ni(ll) to Ni(l) by
Mn(0) followed by migratory insertion of Ni(l) to form IntD, or (2) migratory insertion
of Ni(ll) to form intermediate IntC’ followed by reduction with Mn(0) (Figure 2). The

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 September 05.
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TS barrier for migratory insertion is low for both pathways: 14.3 kcal/mol for Pathway 1,
and 9.9 kcal/mol for Pathway 2. Energetically, both of these pathways would be feasible.
Calculations of the transition state for the heterogeneous Mn-catalyzed reduction were not
possible, but a low transition state barrier for this exergonic transformation is likely. It

is noteworthy that the reduction of IntB to IntC is more exergonic than the reduction

of IntC’ to IntD. In order to gain more insight into the mechanism, we studied the
migratory insertion transition states for both the Ni(I1)CIL,, and Ni(I)L, species. Whereas
the migratory insertion of Ni(lI)L, was consistent with experimental results (AAGts = 1.5
kcal/mol), reaction with Ni(II)CIL, predicted the opposite enantiomeric outcome (AAGTg
= —0.4 kcal/mol). These data support the mechanism in which reduction of Ni(ll) to Ni(l)
precedes migratory insertion (Pathway 1).

We also studied the energies of triplet states of each Ni(ll) species, as nickel is known to
readily access both spin states.[31] In the case of intermediate IntB, the triplet state was
lower in energy than the singlet by 1.6 kcal/mol. However, the transition state for migratory
insertion with the triplet spin state was significantly higher (AG = 16.3 kcal/mol), compared
to the transition state with the singlet (AG = 9.9 kcal/mol). In order to determine whether the
lower-energy triplet state can easily convert to the singlet state, we calculated the minimum
energy crossing point between Int3B and Int!B,[32] and found that the energy required for
this transition (AE = 9.5 kcal/mol) was significantly lower than the transition state barrier
for migratory insertion with the triplet spin state (AGts = 17.9 kcal/mol, AEys = 18.8 kcal/
mol). This suggests that if migratory insertion were to occur through Pathway 2, it would
proceed through the singlet state. As previously discussed, calculations support a reaction
mechanism that proceeds through Pathway 1. Migratory insertion product IntC’ had a triplet
state that was higher in energy than the singlet state by 1.6 kcal/mol.

Based on the above results, we postulate the following plausible mechanism (Figure

3). First, oxidative addition of the carbamoyl chloride with a low-valent nickel species
affords acylnickel(11) species IntB, which is then reduced by Mn to provide acyl-Ni(l)
complex IntC. Enantioselective intramolecular migratory insertion followed by a SET
process with alkyl iodide affords high-valent alkylnickel(I11) species IntF. In the case

of phenyl-substituted internal alkene substrate 1, the alkyl-Ni(I11) complex IntF’ might
participate in a fast homolysis of the Ni-C bond to form an alkyl-Ni(Il)/benzylic radical pair
that equilibrates rapidly with IntF,5: ®1 which might account for the same configuration

of pyrrolidinone products resulting from #ransand cis alkenes. The irreversible reductive
elimination of IntF furnishes the final y-lactam product with regeneration of the low-valent
nickel species.

Conclusion

In summary, we have developed an asymmetric Ni-catalyzed reductive alkyl-carbamoylation
reaction of internal alkenes to access various pyrrolidinones bearing vicinal stereocenters in
excellent diastereoselectivity. This protocol features broad functional group tolerance under
mild reaction conditions. The modification of the Quinim ligand is crucial to obtaining

high enantioselectivities. Computational studies support a mechanism in which oxidative
addition of Ni to the C-Cl bond is followed by reduction of Ni(ll) to Ni(l), which then

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 September 05.
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undergoes migratory insertion. Migratory insertion is the enantiodetermining step, and the
presence of the #butyl group of the ligand leads to distortion of the substrate in the TS
leading to the minor enantiomer. Further efforts into Ni-catalyzed intermolecular reductive
dicarbofunctionalization of internal alkenes are ongoing in our laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Migratory insertion step of model substrate B. b) Comparison of transition states for the

formation of two enantiomers with ligand L1. ¢) Comparison of transition states for the
formation of two enantiomers with ligand L3.
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Figure 2.

Gibbs free energy profile of two possible pathways for conversion of IntB to IntD. Energies

in kcal/mol.
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Proposed mechanistic cycle for reductive cyclization.
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a) Ni-catalyzed enantioselective difunctionalization of pendant alkenes
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Scheme 1.
Ni-catalyzed enantioselective reductive dicarbofunctionalization of alkenes
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Scheme 2.
Substrate scope of Ni-catalyzed enantioselective alkyl-carbamoylation of unactivated 1,2-

disubstituted alkenes. Reaction conditions: 1 (1.0 equiv), 2 (3.0 equiv, 0.6 mmol), [Ni] (20
mol%), Quinim L3 (24 mol%), Mn (3.0 equiv), KI (1.0 equiv), DMA/MeCN (v/v = 4/1, 0.2
M) under 15 °C for the required time.
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(a) Ni-catalyzed enantioselective alkyl-carbamoylation of trans-alkenes
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Scheme 3.
Influence of configuration of 1,2-disubstituted alkenes towards the outcome of absolute

configuration of vicinal disubstituted -y-lactams.
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Substrate scope of Ni-catalyzed enantioselective alkyl-carbamoylation of unactivated
alkenes. [8] Reaction conditions: 4 (0.2 mmol), 2 (3.0 equiv, 0.6 mmol), [Ni] (15 mol%,

0.03 mmol), Quinim L3 (18 mol%, 0.036 mmol), Mn (3.0 equiv, 0.6 mmol), LiBr (1.0 equiv,
0.2 mmol), DMA/MeCN (v/v = 4/1, 0.4 M) under 10 °C for the required time. [P1Quinim L1
was used instead of Quinim L3.
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Scheme 5.
Derivatization of pyrrolidinone 5a. Conditions: (i) 0.5 equiv Lawesson’s reagent, 5a,

toluene, 80 °C, 6 h; (ii) 5.0 equiv. CAN, 5a, MeCN/H,0 (5/1), 0 °C, 3 h; (iii) a) 7, 2.0
equiv Boc,0, 0.5 equiv DMAP, MeCN, rt. b) 10.0 equiv LiOH, THF/H,0, 50 °C. ¢) TFA,
DCM, rt; (iv) 5.0 equiv LAH, THF, 25 °C.
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Reaction condition optimization.[a]

15 mol% Ni(CIO,)*6H,0

Table 1.

3a

Q 18 mol% ligand
(o]
PMB, : o CiHys
"‘N)LCI + oMyl 3.0 equiv Mn, 1.0 equiv LiBr PMB_ 3
W Ph DMA/MeCN (4/1, 0.4 M), 10 °C N Ph
1a 2a
(3.0 equiv)
Me

N Et
u\)
rBEu 'Bu ‘BS
L1, 50%, 90:10 er L2, 46%, 94.5:5.5 er L3, 58%, 95:5 er
o o o — 0
Q. 5, O,
PPh, Bu By N N g, N N""g,
L4, trace, - L5, 0%, - L6, 28%, 69:31 er
Entry Deviation from standard condition 3a (%)[b] erl
1 none 58 95:5
2 DMA as solvent 51 89:11
3 MeCN as solvent <5 -
4 Ni(cod), instead of Ni(ClOg4),*6H,0 30 85.5:14.5
5 NiBr,*DME instead of Ni(ClO,4),*6H,0 36 89:11
6 Zn instead of Mn 5 85.5:14.5
7 Kl instead of LiBr 67 97:3
o4 15°C 77 (69) 97:3
af

LIS
[e]

he yield was reported as corrected GC yield.

1,

reported in parentheses.
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The er and dr were determined by HPLC analysis. All the diastereoselectivities are >20:1.

Page 19

Reaction conditions: 1a (0.1 mmol), 2a (3.0 equiv, 0.3 mmol), [Ni] (15 mol%, 0.015 mmol), ligand (18 mol%, 0.018 mmol), Mn (3.0 equiv, 0.3
mmol), LiBr (1.0 equiv, 0.1 mmol), DMA/MeCN (v/v = 4/1, 0.2 M) under 10 °C for 72 h.

i(Cl04)2+6H20 (20 mol%, 0.020 mmol), L3 (24 mol%, 0.024 mmol) with 1.0 equiv KI (1.0 equiv, 0.1 mmol) as additive; isolated yield is
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