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Herein, we report four new chiral 1,4,7-triazacyclononane (TACN) derivatives and their corresponding nickel(II)
chloride complexes. All TACN ligands are bearing one chiral N-substituent and two alkyl (methyl or tert-butyl) N-
substituents, and we have developed a new synthetic method for the dimethyl-substituted TACN derivative, in
order to prevent the rotational isomers that hinder the cyclization reaction. The nickel complexes change their
coordination geometry significantly depending on the steric bulk of the N-alkyl substituents, from a dinuclear
tris(μ-chloro)dinickel complex to mononuclear Ni-dichloride and Ni-chloride complexes. These complexes were
then employed in the alkyl-alkyl Kumada cross-coupling reaction and revealed that the more sterically hindered
ligands produced more homocoupled product rather than the cross-coupled product, while the mononuclear Ni-
dichloride complex exhibited significantly lower catalytic activity. These chiral complexes were also employed in
enantioconvergent cross-coupling reactions as well, to afford significant enantioenrichment. Overall, the least
sterically hindered Ni complex yields the best yields in the alkyl-alkyl Kumada cross-coupling reaction among the
four complexes investigated, as well as the highest enantioselectivity.

Keywords: 1,4,7-triazacyclononane, chiral ligands, cross-coupling, nickel, nickel complexes, Kumada cross-
coupling reaction.

Introduction

1,4,7-Triazacyclononane (TACN) macrocycles are strong
tridentate metal chelators that have been employed in
various applications of inorganic chemistry, such as
low-temperature bleaching,[1] bioimaging,[2–8] and
small-molecule activation.[9–12] The cyclic 9-membered
ring of TACN enforces a facial binding motif when
interacting with metal ions that adopt an octahedral
geometry,[13] and thus leaving three open coordination
sites that are oriented cis to each other.

Even though the synthesis of Ts2HTACN was
reported back in 1937 by reaction of bis(2-

chloroethyl)ethylenediamine ditosylate and
ammonia,[14] the synthesis of the simplest TACN,
H3TACN, was first reported by Koyama and Yoshino in
1972 through the detosylation of Ts2HTACN in the
presence of 30% hydrobromic acid in acetic acid.[15] In
more modern methods, the TACN macrocyclic ring is
constructed through macrocyclization of diethylene
triamine tritosylate and ethyleneglycol ditosylate in
the presence of cesium carbonate,[16,17] and complete
detosylation of Ts3TACN in concentrated sulfuric acid
generates H3TACN (Scheme 1). Alkylation of H3TACN
produced R3TACN (R=Me, iPr, or other alkyl groups)
with various steric bulk. On the other hand, asymmet-
ric TACN could be synthesized by selective detosyla-
tion of Ts3TACN, to afford the Ts2HTACN or TsH2TACN
intermediates needed for further derivatization.Supporting information for this article is available on the

WWW under https://doi.org/10.1002/hlca.202300170
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Alternatively, the 9-membered ring could be
formed through the reaction of
bis(chloroacetyl)ethylenediamine and primary amine.
Since 2013, Scarborough and coworkers have synthe-
sized numerous TACNs through this ‘crab-like’ route
with tertiary and chiral amine substituents previously
inaccessible with the classical cyclization method.[18,19]

Nevertheless, the method tends to be ineffective when
the bis(chloroacetyl)ethylenediamine bears less bulky
substituents, such as methyl or isopropyl, due to
rotational isomers. To date, only few asymmetric
TACNs have been reported with one stereocenter.[19,20]

Moreover, previous reports mainly focused on syn-
thetic development of the TACN derivatives, and the
reactivity of corresponding metal complexes was not
investigated in detail.

Recently, our group has reported the use of
iPr3TACN in Ni-catalyzed Kumada cross-coupling
reactions.[21,22] This led us to explore the C�C bond
forming reactivity of chiral TACNs which could poten-
tially lead to asymmetric cross-coupling reactions

induced by the chiral N-substituent. Herein, we
describe the preparation of four new chiral TACN
derivatives bearing one stereocenter, (S)-1,4-dimethyl-
7-(1-phenylethyl)-1,4,7-triazonane (3a), (R)-1-(3,3-
dimethylbutan-2-yl)-4,7-dimethyl-1,4,7-triazonane (3b),
(S)-1,4-di-tert-butyl-7-(1-phenylethyl)-1,4,7-triazonane
(6a), and (R)-1,4-di-tert-butyl-7-(3,3-dimethylbutan-2-
yl)-1,4,7-triazonane (6b). The corresponding nickel
complexes were synthesized and characterized (see
below). The increment of the steric bulk of the alkyl
groups significantly changes the geometry of the
corresponding Ni complexes from a dinuclear tris(μ-
chloro)dinickel complex to mononuclear Ni-dichloride
and Ni-chloride complexes. Also, we have found that
the least sterically hindered Ni complex yields the best
yields in the alkyl-alkyl Kumada cross-coupling reac-
tion among the four complexes investigated.

Scheme 1. Synthesis of TACN derivatives by different synthetic methods. (a) Richman-Atkins cyclization. (b) ‘Crab-like’ cyclization
and reduction. (c) This work: introduction of small alkyl N-substituents and a chiral N-substituent.
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Results and Discussion

Synthesis of New TACN Derivatives Bearing One Chiral
Stereocenter

In 2018, Scarborough and coworkers reported a
systematic study on the preparation of TACN ligands
with two N-tBu substituents and a third bulky N-
substituent through the crab-like route.[19] Neverthe-
less, while RMe2TACN ligands have been reported
previously,[23,24] such TACN ligands with two N-methyl
substituents could not be obtained using the crab-like
route reported in 2018. Previous literature has implied
that the use of LiBr is essential, likely because the
lithium cation imposes a templating effect where the
precursor favors an intramolecular SN2 cyclization
instead of intermolecular substitution reactions.[25]

Therefore, we set out to prepare RMe2TACN using LiBr
as an additive. Gratifyingly, the dimethyl bischloroace-
tamide (1) reacted with (S)-1-phenylethan-1-amine
(PhEt�NH2) to produce the desired macrocycle
(Scheme 2). However, ESI-MS spectrum of the reaction

mixture indicated the formation of a wide distribution
of side products, including the uncyclized intermedi-
ate, overaminated product, an 18-membered macro-
cycle, and uncyclized oligomeric products (Scheme 3).
The similar polarity of these byproducts caused
difficulty in purification of the crude material, and a
combination of a silica plug and recrystallization was
required to obtain a higher quality material for the
next step. Reduction of the TACN-dione with LiAlH4
generates 3a, which is purified by vacuum distillation.
Compound 3b was prepared following the same
procedure, using (R)-3,3-dimethylbutan-2-amine
(MeNp�NH2) as the chiral amine. The RtBu2TACN
ligands, on the other hand, were synthesized using the
reported optimized procedure. The reaction of di-tert-
butyl bischloroacetamide 4 with either one of the
chiral amines produced the cyclized products in high
yields, and reduction with LiAlH4 generates the desired
ligands 6a/6b. The chirality of ligands is confirmed to
be enantiomerically pure by chiral gas chromatogra-

Scheme 2. Synthesis of TACN derivatives 3a, 3b, 6a, and 6b.

Scheme 3. Synthesis of cyclized TACN-dione precursor and the side products observed by ESI-MS.
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phy, indicating that the corresponding Ni complexes
are pure enantiomeric species as well.

Synthesis and Characterization of Ni Complexes

The reaction of the four new chiral TACN ligands with
NiCl2(DME) yields a series of mononuclear and dinu-
clear nickel complexes depending upon the steric bulk
of the ligand (Scheme 4). When 3a was added to
NiCl2(DME), an immediate color change occurred,
however, no crystals could be obtained despite
numerous trials. Since a sandwich-type dinuclear
structure with three bridging halides has been
observed for Me3TACN,

[26] we hypothesized that the
excess chloride anion is competing with amine
coordination. Therefore, 0.5 equiv. KPF6 was added to
remove the chloride by precipitation of KCl. Indeed,
we were able to purify and crystallize a teal solid as a
dinuclear nickel complex with hexafluorophosphate as
the counteranion, 7, which is a dinuclear Ni complex
with three bridging chloride ions, [(3a)2Ni2(μ-Cl)3)](PF6),
and each Ni center has a distorted octahedral
geometry with an elongated axial Ni�N bond. The
chiral phenylethyl (PhEt) groups face the same
direction, while the methyl groups are pointing in the
opposite side. The Ni�Ni distance is 3.086 Å, which is
longer than the 3.043 Å distance in [(Me3TACN)2Ni2(μ-

Cl)3],
[26] indicating that bulkier PhEt groups elongate

the Ni�Ni distance. In contrast, the reaction of 3b and
NiCl2(DME) generates a green 5-coordinate square
pyramidal mononuclear nickel-dichloride complex
[(3b)NiCl2], 8 (Scheme 4). As the methylneopentyl
(MeNp) group is bulkier than the PhEt group, it may
prevent dimerization of two Ni centers. Moreover, the
Ni�Cl bond that is closer to the N�MeNp substituent is
longer than the other Ni�Cl bond ~0.08 Å, likely due
to a steric clash (Figure 1). For 6a and 6b, the sterically
demanding tert-butyl groups further limit the coordi-
nation number, and 4-coordinate nickel monochloride
complexes [(L)NiCl](PF6) (L=6a or 6b) were afforded
in the presence of 1 equiv. KPF6. This coordination is
consistent with the previously reported
[(tBu3TACN)NiBr](PF6) complex,[18] suggesting that hav-
ing two tert-butyl groups is bulky enough to make the
complex adopt a 4-coordinate geometry. Notably, in
complex 10 the tBu group of the N�MeNp substituent
points away from the Ni center, likely due to the two
bulky N-tert-butyl groups.

Kumada Cross-Coupling Reactivity Studies

With these complexes in hand, we investigated their
reactivity to probe the role of the coordination
environment and steric hindrance of the TACN ligands

Scheme 4. Synthesis of chiral nickel-chloride complexes 7–10.
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on their catalytic properties (Table 1). Since nickel
complexes are commonly employed in Kumada cross-
coupling reactions, we performed the Kumada cross-
coupling reaction with an alkyl halide and an alkyl

Grignard. We chose the longer alkyl halide and
Grignard reagents n-heptyl iodide and n-octyl magne-
sium chloride to track all possible products generated
during the reaction. In a previous study we found that
the addition of MeCN helps to improve the product
formation and we were able to optimize the reaction
conditions.[22] Under the optimized conditions, the
highest yield (35%) was obtained when 7 was
employed as the catalyst from the four complexes,
likely due to the least sterically hindered ligand
environment. By comparison, 8 generated the least
amount of the C�C coupled product (8%), with a large
amount of unreacted alkyl halide being observed
(Table S1). This might be attributed to the steric bulk
of the N�MeNp group which might prevent the
binding of MeCN to the Ni center, in order to stabilize
a Ni(I) intermediate and also to facilitate reductive
elimination.[22] For 9, a 29% yield of cross-coupled
product was obtained, yet more homocoupled alkyl
halide (tetradecane) and the β-hydride eliminated
product octene were obtained, suggesting that the
two N-tBu substituents may enforce a geometry at the

Figure 1. ORTEP representations (50% probability ellipsoids) of solid-state structures of Ni complexes a) cation of 7, b) 8, c) cation
of 9, and d) cation of 10, (hydrogen atoms and counteranions omitted for clarity).

Table 1. Catalytic Kumada cross-coupling reactions.

Entry Ni Complex[a] Yield [%][b]

1 without Ni catalyst 0
2[c] 7 35
3 8 8
4 9 29
5 10 21
[a] Standard conditions: n-heptyl iodide (0.1 mmol, 1.0 equiv.),
Ni complex (10 mol%), MeCN (0.25 mL, 50 equiv.), n-octylMgCl
(0.15 mmol, 1.5 equiv.), 1.25 mL THF, 2 h, RT. [b] Yields were
obtained by GC-FID and were corrected using calibration
curves, using dodecane as an internal standard, and represent
average values of at least three independent measurements. [c]

5 mol% of catalyst is employed for the dinuclear complex 7.
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Ni center that prevents transmetalation and promotes
β-hydride elimination more readily. Finally, complex
10, containing the TACN ligand with both the
N�MeNp substituent and two tert-butyl groups, gen-
erates the cross-coupled product in a 21% yield, a
value between those obtained for 8 and 9, along with
a significant amount of unreacted alkyl halide being
left and β-hydride eliminated products being gener-
ated. Overall, these results show that having sterically
hindered TACN ligands significantly inhibits the Ni-
catalyzed Kumada cross-coupling reaction and leads
to side product formation. Next, we investigated
enantioselectivity of the complexes using secondary
alkyl halide, (�)2-iodobutane (Table 2, and Figur-
es S22–S24). When we employed precatalysts 7, 9, and
10 except for 8 which showed the lowest product
yield, we were able to obtain enantiomeric excess (ee)
of 70%, 58%, and 34%, respectively. The low ee might
be because the chiral group is far from the Ni center,
less affecting to the enantioselectivity. Especially
having two bulky tert-butyl groups instead of two
methyl groups significantly decreased ee (70% to
58%), further supporting that more accessible chiral
group to the Ni center is necessary to get higher ee.

Conclusions

In summary, we report four new chiral 1,4,7-triazacy-
clononane (TACN) derivatives and their corresponding
nickel(II) chloride complexes. The synthesis of the N,N’-
dimethyl TACN ligands having one chiral N-substituent
was achieved with LiBr as an additive, which likely
prevents the formation of rotational isomers. More-

over, the nickel complexes showed significant changes
of their coordination geometry depending on their
ligand environment, from a dinuclear tris(μ-
chloro)dinickel complex to mononuclear Ni-dichloride
and Ni-chloride complexes. These complexes were
employed as catalysts in alkyl-alkyl Kumada cross-
coupling reactions, and it was found that the com-
plexes with bulkier ligands inhibit cross-coupled
product formation, homocoupled or β-hydride elimi-
nated products being formed instead. Overall, we
have found that the least sterically hindered Ni
complex yields the best yields in the alkyl-alkyl
Kumada cross-coupling reaction among the four
complexes investigated as well as the highest enantio-
selectivity, and thus one has to carefully consider the
bulkiness of the tridentate N-donor ligands when
employing them in Ni-mediated cross-coupling reac-
tions.

Experimental Section

General Experimental Details

All reactions were performed in ambient conditions
unless otherwise stated. Solvents were purified prior
to use by passing through a column of activated
alumina using an MBraun solvent purification system.
All starting materials and reagents, unless otherwise
specified, were obtained from commercial sources and
used without further purification. The
bischloroacetamides[19] were synthesized following
literature procedures. 1H- and 13C-NMR spectra were
recorded using a Bruker 400 MHz or 500 MHz spec-
trometer. GC-MS data was collected using an Agilent
7890B GC Series System and an Agilent 5977B Mass
Selective Detector. GC yields [%] were determined by
GC-FID with a calibration curve vs. dodecane as an
internal standard. Chiral gas chromatographic (GC)
analysis was performed on an Agilent 6890 N Series
instrument equipped with FID detectors using a J&W
Cyclosil-B column. Electrospray ionization mass spec-
trometry (ESI-MS) was recorded on a Water Q-TOF
Ultima ESI instrument by the Mass Spectrometry
Laboratory at the University of Illinois at Urbana–
Champaign (UIUC).

Elemental analysis was carried out by the Micro-
analysis Laboratory at UIUC using an Exeter Analytical
- Model CE440 CHN Analyzer. The boiling point was
measured using a thermometer during vacuum distil-
lation with a short-path condenser.

Table 2. Enantioconvergent cross-couplings of unactivated
alkyl electrophiles.

Entry Ni Complex[a] ee [%][b] Yield [%][c]

1 7 70 13
2 9 58 21
3 10 34 8
[a] Standard conditions: 2-iodobutane (0.1 mmol, 1.0 equiv.), Ni
complex (10 mol%), MeCN (0.25 mL, 50 equiv.), n-octylMgCl
(0.15 mmol, 1.5 equiv.), 1.25 mL THF, 2 h, RT. [b] ee was
determined by chiral GC-FID analysis. [c] Yields were obtained
by GC-FID and were corrected using calibration curves, using
dodecane as an internal standard, and represent average
values of at least three independent measurements.
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1,4-Dimethyl-7-[(1S)-1-phenylethyl]-1,4,7-triazo-
nane (3a). An oven-dried 1 L round bottom flask
under N2 was charged with LiBr (5.76 g, 2.0 equiv.),
Na2CO3 (28.00 g, 8.0 equiv.), and bischloroacetamide 1
(8.00 g, 1.0 equiv.) in anhydrous acetonitrile (500 mL).
The mixture was heated to reflux and PhEt�NH2
(4.7 mL, 1.1 equiv.) was added in one portion. After
gentle reflux over 3d, the mixture was cooled to 0 °C
in ice bath, and the white solids were filtered off. The
solution was concentrated under reduced pressure to
a pale-yellow oil and redissolved in dichloromethane
(40 mL). The dichloromethane solution was washed
with deionized water, dried over MgSO4, passed
through a silica plug, and concentrated to an oil.
Diethyl ether was added to triturate the desired
product, and the solid was collected by filtration to
afford 2a as an off-white solid (2.72 g, 28% yield). The
solid was used in the next reaction without further
purification.

In a N2-filled glove box, lithium aluminum hydride
(1.55 g, 6.0 equiv.) was suspended in anhydrous dieth-
yl ether (80 mL). The mixture was stirred overnight
and filtered through a Celite-packed funnel. To the
colorless lithium aluminum hydride solution, 2a
(1.97 g, 1.0 equiv.) was added slowly in portions,
during which time the reaction solution turned cloudy.
The mixture was allowed to stir for 3d before work-up.
The excess lithium aluminum hydride was quenched
by sequential addition of deionized water, 10%
sodium hydroxide solution, and deionized water. The
mixture was diluted with a mixture of 1 :1 diethyl
ether/water and stirred. The solid was removed by
filtration, and the aqueous portion was extracted once
again with diethyl ether. The combined organic phase
was dried over magnesium sulfate and concentrated.
3a was purified by vacuum distillation to afford a
colorless liquid (0.98 g, 55% yield). B.p.=75 °C at
85 mTorr. 1H-NMR (500 MHz, CDCl3): 7.39–7.27 (m, 4H),
7.25–7.17 (m, 1H), 3.82 (q, J=6.8 Hz, 1H), 2.92–2.79
(m, 4H), 2.71 (m, 6H), 2.64–2.53 (m, 2H), 2.34 (s, 6H),
1.35 (d, J=6.7 Hz, 3H). 13C-NMR (126 MHz, CDCl3):
144.39, 128.12, 128.04, 126.72, 63.74, 57.57, 56.73,
53.15, 46.58, 16.99. HR-ESI-TOF-MS: 262.2279
(C16H28N3

+, [M+H]+; calc. 262.2283).

1-[(2R)-3,3-Dimethylbutan-2-yl]-4,7-dimethyl-
1,4,7-triazonane (3b). This compound can be pre-
pared by the same method as for 3a. Compound 2b
was prepared from LiBr (6.48 g, 2.0 equiv.), Na2CO3
(31.60 g, 8.0 equiv.), bischloroacetamide 1 (9.00 g,
1.0 equiv.), and MeNp�NH2 (5.45 mL, 1.1 equiv.) in

anhydrous acetonitrile (500 mL). Compound 3b was
then prepared from 2b (8.02 g, 1.0 equiv.) and lithium
aluminum hydride (6.00 g, 6.0 equiv.) in anhydrous
diethyl ether (200 mL). Overall yield: 1.59 g (18%).
Colorless liquid, b.p.=61 °C at 190 mTorr. 1H-NMR
(500 MHz, CDCl3): 3.16 (m, 2H), 2.80–2.71 (m, 4H), 2.59
(m, 2H), 2.47 (m, 2H), 2.40 (m, 2H), 2.33 (s, 6H), 2.25–
2.18 (m, 1H), 0.91–0.87 (m, 12H). 13C-NMR (126 MHz,
CDCl3): 69.76, 58.24, 56.95, 55.41, 47.01, 35.89, 28.48,
7.67. HR-ESI-TOF-MS: 242.2592 (C14H32N3

+, [M+H]+;
calc. 242.2596).

1,4-Di-tert-butyl-7-[(1S)-1-phenylethyl]-1,4,7-tri-
azonane (6a). An oven-dried 200 mL Schlenk flask
under N2 was charged with Na2CO3 (4.07 g, 2.5 equiv.),
and bischloroacetamide 4 (5.00 g, 1.0 equiv.) in anhy-
drous DMF (150 mL). To the stirred mixture was added
PhEt�NH2 (2.2 mL, 1.1 equiv.) in one portion. The
mixture was heated to 120 °C overnight and cooled to
room temperature. The mixture was poured into water
(80 mL) and extracted with CH2Cl2 (3×70 mL). The
combined organic layer was washed with brine
(4×80 mL), dried over MgSO4, and concentrated in
vacuo. The oily crude was triturated with minimal Et2O,
and hexane was added to complete precipitation. The
solid was collected by filtration to afford 5a as an off-
white solid (4.01 g, 70% yield). The solid was used in
the next reaction without further purification.

Compound 6a was then prepared by the same
method as for 3a from 5a (3.00 g, 1.0 equiv.) and
lithium aluminum hydride (1.83 g, 6.0 equiv.) in anhy-
drous diethyl ether (100 mL). Yield: 1.23 g (44%).
Colorless liquid, b.p.=114 °C at 5 mTorr. 1H-NMR
(500 MHz, CDCl3): 7.46 (d, J=7.2 Hz, 2H), 7.35–7.28 (m,
2H), 7.20 (t, J=7.3 Hz, 1H), 3.74 (q, J=6.7 Hz, 1H),
2.85–2.56 (m, 12H), 1.33 (d, J=6.7, 3H), 1.03 (s, 18H).
13C-NMR (126 MHz, CDCl3): 146.29, 127.97, 127.93,
126.26, 62.86, 54.88, 54.10, 53.13, 51.64, 27.14, 17.80.
HR-ESI-TOF-MS: 346.3224 (C22H40N3

+, [M+H]+; calc.
346.3222).

1,4-Di-tert-butyl-7-[(2R)-3,3-dimethylbutan-2-yl]-
1,4,7-triazonane (6b). This compound can be pre-
pared by the same method as for 6a. Compound 5b
was prepared from Na2CO3 (4.07 g, 2.5 equiv.), bis-
chloroacetamide 4 (5.00 g, 1.0 equiv.), and MeNp�NH2
(2.25 mL, 1.1 equiv.) in anhydrous DMF (150 mL).
Compound 6b was then prepared from 5b (2.94 g,
1.0 equiv.) and lithium aluminum hydride (1.92 g,
6.0 equiv.) in anhydrous diethyl ether (100 mL). Overall
yield: 2.29 g (46%). Colorless liquid, b.p.=104 °C at
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10 mTorr. 1H-NMR (500 MHz, CDCl3): 3.07–2.93 (m, 2H),
2.87 (m, 2H), 2.65 (m, 4H), 2.54–2.34 (m, 4H), 2.09 (q,
J=6.9 Hz, 1H), 1.02 (s, 18H), 0.93–0.88 (m, 12H). 13C-
NMR (126 MHz, CDCl3): 68.35, 56.18, 54.73, 52.13,
50.87, 36.07, 28.68, 27.16, 7.78. HR-ESI-TOF-MS:
326.3524 (C20H44N3

+, [M+H]+; calc. 326.3535).

[(3a)2Ni2(μ-Cl)3](PF6) (7). In a 20 mL vial, com-
pound 3a (50 mg, 1.05 equiv.) and KPF6 (16.7 mg,
0.50 equiv.) were dissolved in 2 mL MeCN. To the
mixture was then added NiCl2(DME) (40 mg,
1.00 equiv.), and the solution immediately turned teal
with the formation of white precipitate. The solution
was allowed to stir overnight, and the white solid was
filtered off. The solution was evaporated to dryness
and redissolved in 1,2-difluorobenzene (1.5 mL). To the
concentrated solution was added pentane (6 mL)
slowly, and the vial was left overnight to allow
precipitation. Complex 7 was obtained as a teal solid
(76 mg, 94% yield) by filtration. X-ray quality crystals
were obtained from slow evaporation of a concen-
trated MeCN/THF solution at room temperature. Anal.
calc. for C32H54Cl3N6Ni2PF6: C 43.54, H 6.18, N 9.08;
found: C 43.11, H 6.10, N 9.43. 1H-NMR (500 MHz,
CD3CN): 126.17, 119.99, 41.18, 9.29, 6.79, 5.45, 2.14,
2.09, 2.05, �4.13. ESI-MS: Formate adduct observed
[(3a)NiII(HCOO)]+, calculated: 364.1540. Found:
364.1519.

[(3b)NiCl2] (8). To a 20 mL vial was added 3b
(108 mg, 1.05 equiv.), NiCl2(DME) (92 mg, 1.00 equiv.),
and 2 mL MeCN. The solution was allowed to stir
overnight, and 4 mL Et2O was added. The green
precipitate was collected by filtration, washed with
2 mL Et2O, and dried in vacuo. Complex 8 was
obtained as a green solid (137 mg, 88% yield). X-ray
quality crystals were obtained from slow diffusion of
diethyl ether into an acetonitrile solution at �35 °C.
Anal. calc. for C14H31Cl2N3Ni: C 45.29, H 8.36, N 11.13;
found: C 45.32, H 8.42, N 11.33. 1H-NMR (500 MHz,
CD3CN): 146.56, 127.78, 116.16, 105.00, 89.68, 70.83,
44.85, 41.09, 39.16, 35.08, 30.85, 21.98, 14.20, 3.65,
2.62, 1.81, �5.39. ESI-MS: Formate adduct observed
[(3b)NiII(HCOO)]+, calculated: 344.1853. Found:
344.1834.

[(6a)NiCl](PF6) (9). To a 20 mL vial was added 6a
(100 mg, 1.05 equiv.), KPF6 (51 mg, 0.50 equiv.), 0.5 mL
Et2O, and 2.5 mL MeCN. While stirring, NiCl2(DME)
(61 mg, 1.00 equiv.) was added, and the solution
slowly turned orange overnight. The white precipitate
was removed by filtration. To the orange solution was

added 50 mL Et2O, and the resulting solution was
placed in a �35 °C freezer for crystallization. The
orange precipitate was collected by filtration, washed
with Et2O, and dried in vacuo. 9 was obtained as an
orange solid (149 mg, 92% yield). X-ray quality crystals
were obtained from slow evaporation of a concen-
trated MeCN/THF solution at room temperature. Anal.
calc. for C22H39ClN3NiPF6·0.5CH3CN: C 45.60, H 6.83, N
8.32; found: C 45.65, H 6.75, N 8.10%. 1H-NMR
(500 MHz, CD3CN): 11.28, 10.56, 7.44, 5.37, 1.24, 0.94.
ESI-MS: Formate adduct observed [(6a)NiII(HCOO)]+,
calculated: 448.2479. Found: 448.2469.

[(6b)NiCl](PF6) (10). To a 20 mL vial was added 6b
(78 mg, 1.05 equiv.), KPF6 (44 mg, 0.50 equiv.), 0.5 mL
Et2O, and 2.5 mL MeCN. While stirring, NiCl2(DME)
(50 mg, 1.00 equiv.) was added, and the solution
slowly turned orange overnight. The white precipitate
was removed by filtration. To the orange solution was
added 14 mL Et2O, and the resulting solution was
placed in a �35 °C freezer for crystallization. The
orange precipitate was collected by filtration, washed
with Et2O, and dried in vacuo. Complex 10 was
obtained as an orange solid (79 mg, 61% yield). X-ray
quality crystals were obtained from slow evaporation
of a concentrated MeCN/THF solution at room temper-
ature. Anal. calc. for C20H43ClN3NiPF6: C 42.45, H 7.73,
N 7.53; found: C 42.54, H 7.68, N 7.44. 1H-NMR
(500 MHz, CD3CN): 16.28, 11.03, 7.10, 1.99. ESI-MS:
Formate adduct observed [(6b)NiII(HCOO)]+, calcu-
lated: 428.2792 Found: 428.2778.

General Procedure for the Kumada Cross-Coupling
Reactions

All catalytic reactions were performed as follows,
unless otherwise noted. In a N2-filled glovebox, a 2 M
solution of n-octyl-MgCl (75 μL, 1.5 equiv., 0.15 mmol)
was diluted to 0.5 mL with THF. The stock solution was
then slowly added by the syringe pump over 1 h to a
solution containing a ligand (12 mol%, 0.012 mmol),
NiCl2(DME) (2.2 mg, 10 mol%, 0.01 mmol), 1.25 mL of
THF and 0.25 mL of MeCN (50 equiv.), and n-heptyl
iodide (16.8 μL, 0.1 mmol) at room temperature,
premixed for 5 min. After the addition, the solution
was stirred for an additional hour, and then it was
quenched by the addition of 2 mL of saturated NH4Cl
solution. Dodecane (22.7 μL, 0.1 mmol) was then
added as an internal standard. The organic phase in
the resulting solution mixture was extracted with 4 mL
of ether and subjected to GC-MS analysis.
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