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ABSTRACT: A dipyrrin-supported nickel catalyst (AdFL)Ni(py) (AdFL: 1,9-di(1-adamantyl)-5-perfluorophenyldipyrrin; py: pyr-
idine) displays productive intramolecular C−H bond amination to afford N−heterocyclic products using aliphatic azide sub-
strates. The catalytic amination conditions are mild, requiring 0.1−2% catalyst loading and operational at room temperature. 
The scope of C−H bond substrates was explored and benzylic, tertiary, secondary, and primary C−H bonds are successfully 
aminated. The amination chemoselectivity was examined using substrates featuring multiple activatable C−H bonds. Uni-
formly, the catalyst showcases high chemoselectivity favoring C–H bonds with lower bond dissociation energy as well as a 
wide range of functional group tolerance (e.g., ethers, halides, thioetheres, esters, etc.). Sequential cyclization of substrates 
with ester groups could be achieved, providing facile preparation of indolizidine framework that is commonly found in a 
variety of alkaloids. The amination cyclization reaction mechanism was examined employing nuclear magnetic resonance 
(NMR) spectroscopy to determine the reaction kinetic profile. A large, primary intermolecular kinetic isotope effect (KIE = 
31.9 ± 1.0) suggests H−atom abstraction (HAA) is the rate determining step, indicative of H−atom tunneling being operative. 
The reaction rate has first order dependence in the catalyst and zeroth order in substrate, consistent with the resting state of 
the catalyst as the corresponding nickel iminyl radical. The presence of the nickel iminyl was determined by multi-nuclear 
NMR spectroscopy observed during catalysis. The activation parameters (ΔH≠ = 13.4 ± 0.5 kcal/mol; ΔS≠  = −24.3 ± 1.7 
cal/mol·K) were measured using Eyring analysis, implying a highly ordered transition state during the HAA step. The pro-
posed mechanism of rapid iminyl formation, rate-determining HAA, and subsequent radical recombination was corroborated 
by intramolecular isotope labelling experiments and theoretical calculations. 

1. INTRODUCTION 
Saturated N-heterocycles constitute a critically important 

class of molecules found in bioactive alkaloids,1 pharmaceu-
tical agents,2-3 and as chiral elements in asymmetric cataly-
sis.4 Indeed, over half of the top twenty best-selling drugs 
contain an N-heterocycle in the last six years.2, 5 Cyclic amine 
architectures form heterocyclic cores in medicines used to 
treat dementia (solanidine),5 gastrointestinal dysmotility 
(SC-53116),6 mantle cell lymphoma (acalabrutinib),7 and 
hepatitis C.8 Given the ubiquity and importance of N-heter-
ocycles in medicine, streamlined syntheses for these archi-
tectures is a high priority. 

Traditional strategies to synthesize N-heterocyclic cores 
include functional group exchange via nucleophilic substi-
tution, rearrangements, cycloadditions, and reductive ami-
nation.9 However, the utility of forming heterocyclic skele-
tons via direct C–H bond functionalization is becoming a 
more prevalent strategy. In general, the introduction of di-
verse chemical functionality into unactivated C–H bonds is 
an evolving, but not yet solved problem in synthetic chem-
istry.10-17 Rendering aliphatic C–H bonds into an inter-
changeable functional group would greatly expand method-
ology. Indeed, streamlined syntheses for functionalized 
products while minimizing waste generation would have 

tremendous impact on the synthesis of fine chemicals and 
pharmaceuticals. For examples, over 84% of pharmaceuti-
cals feature at least one N atom,18 and nearly one in six re-
actions involve formation of C–N bonds.19 Thus, direct C–H 
bond amination methods could provide a streamlined pro-
tocol and may serve to enhance the scope of conventional 
syntheses. 

The current state of the art in pyrrolidine synthesis via C–
H bond amination largely depend on late transition metal 
catalysts that template the C–H bond activation followed by 
a C–N bond forming step.20-22 Previously, we reported the 
synthesis of N-heterocycles using an iron catalyzed, intra-
molecular amination of unactivated aliphatic C–H bonds.23 
The dipyrrin-iron catalyst served to extrude dinitrogen 
from the azide substrate, leaving an activated iminyl radi-
cal24-26 that could functionalize intramolecular C–H bonds 
(benzylic, allylic, tertiary, secondary, primary) leading to 
the formation of cyclic amines. Several limitations with the 
methodology using dipyrrin-supported iron catalysts in-
cluded high catalyst loadings and the requirement for prod-
uct sequestration by in situ protection of the secondary 
amine products.23, 27 Several groups have adapted this pro-
tocol using different catalyst systems, including iron/cobalt 
porphyrins,28-30 cobalt corroles,31 iron bound within redox-
active pincer ligands,32 and iron beta-diketiminate metal 
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organic frameworks33 (Figure 1). Each of these systems 
have improved upon the catalyst performance with regards 
to decreasing catalyst loading, yet each require elevated re-
action temperatures and product sequestration to retard 
product inhibition. Aryl azide substrates which give rise to 
cyclic aniline products (far less potent Lewis bases) have 
been synthesized that bypass this requirement.34-36 More 
recently, non-base-metal catalyzed variants have been dis-
covered that employ dirhodium catalysts to effect the ami-
nation of aliphatic bonds to generate free amine products 
following deprotection.37 While this strategy exhibits re-
markable diastereoselectivity, the Rh2-nitrenoid proposed 
cannot access primary C−H bond substrates that the high-
spin iron catalyzed23 system can,albeit poorly. Collectively, 
these strategies highlight how direct, ring-closing amina-
tion can generate heterocyclic cores without requiring acti-
vating groups11, 38 and demonstrating modest functional 
group tolerance compared with cross-coupling protocols.18, 

39-42 Despite these advances, improvements on the state of 
the art catalysis known include enhancing catalytic perfor-
mance, increasing functional group tolerance, and an under-
standing of how different electronic structures give rise to 
different catalytic capabilities.12 

 
Figure 1. Pyrrolidine synthesis via cyclization C−H amina-
tion via base metal catalysts. 

Recently we reported that nickel dipyrrinato complexes 
are capable of stabilizing reactive iminyl functionalities po-
tent for intermolecular functionalization of benzylic C–H 
bonds.43 Preparation and characterization of the reactive in-
termediate suggest an iminyl (2NAr coupled to a triple 
NiII)or imido (1NR, NiIII) electronic configuration, depending 
on the N-functional group giving rise to the doublet spin 
configurations observed. Reaction of the NiI complex with 
4-(azidobutyl)benzene exclusively formed 4-phenylbutane-
nitrile (Scheme 1). We report herein that alkylation of the 
azide-bearing methylene unit mitigates nitrile formation, 
yielding the corresponding N-heterocyclic products. Fur-
thermore, we find the nickel dipyrrin catalyst is effective for 
amination of benzylic, tertiary, secondary, and primary C−H 
bonds with high turn-over numbers, mild reaction 

conditions, and excellent chemoselectivity. A detailed 
mechanistic study is presented resulting from NMR kinetic 
profiling of the reaction, corroborated with intramolecular 
isotope labelling experiments and density functional theory 
(DFT) computations.  

2. RESULTS AND DISCUSSION 
Scheme 1. 
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2.1. Catalytic intramolecular C–H amination optimiza-
tion. In our previous study, (AdFL)Ni(py) (1) rapidly con-
sumes tertiary azides to afford the corresponding iminyl 
complexes (e.g., (AdFL)Ni(NAd) (2)) and rapidly converts 4-
(azidobutyl)benzene to 4-phenylbutanenitrile via β-hy-
dride elimination (Scheme 1). To inhibit nitrile generation, 
gem-dimethyl groups were introduced to the azide sub-
strate to promote C–H bond amination. As an initial test, 10 
mol% of (AdFL)Ni(py) (1) was subjected to (4-azido-4-
methylpentyl)benzene (3) in C6D6 (Table 1, entry 1). An im-
mediate color change from dark brown to deep pink was ob-
served along with intense effervescence. The 19F NMR spec-
tra obtained during the reaction has similar features to that 
of 2 (Supplementary Information, Figure S5). Bubbling 
ceased within 10 min with the solution color reverted to 
dark brown. Both 1H and 19F NMR spectra of the reaction 
mixture showed complete regeneration of 1 as well as quan-
titative conversion of 3 into 2,2-dimethyl-5-phenylpyrroli-
dine (4). 

Given the full regeneration of 1, the catalyst loading was 
further lowered to 1 mol % without a significant loss in yield 
(96%). When 0.1 mol% catalyst loading was used, the reac-
tion took two days at room temperature until no further 
product formation was observed, providing a final NMR 
yield of 73% (Table 1, entry 1-5; TONmax = 730). To compare 
to dipyrrin iron and cobalt systems, the observed reaction 
rate of 1.4 min−1 (25° C) for 1 is superior to the (AdL)FeCl23 
and (ArL)Co(py)44 systems (require heating > 50 °C) or 
(TrL)Co (0.063 min−1),45 indicating 1 has a much lower acti-
vation barrier. The performance and rate of catalysis do not 
vary significantly with solvent polarity, e.g. from hexanes to 
THF (Table 1, entry 6-9). Tetrahydrofuran is a catalyst in-
hibitor for related iron-dipyrrin amination catalysts.23 
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Table 1. Optimization of Amination Conditionsa 

X mol% 
(AdFL)Ni(py) (1)N3

Me Me
N
H

Me
Me

Solvent
25 °C

(3) (4)  

Entry 
Catalyst 
Loading 
(mol%) 

Solvent Time Yield 
(%)d 

1 10b C6D6 10 min > 99 
2 5b C6D6 20 min > 99 
3 2b C6D6 40 min 97 
4 1b C6D6 90 min 96 
5 0.1 C6D6 48 h 73 
6 1b Hexanes 90 min 95 
7 1b Et2O 90 min 96 
8 1b (d8-)Toluenee 90 min 95 
9 1b d8-THF 90 min 94 

10 10 d6-DMSO N/Ac 0 
11 10 d4-Methanol N/Ac 0 
12 10 DCM N/A 0 

aReaction were conducted on 0.2 mmol scale, see SI for de-
tails of the experiments. bRegeneration of 1 by 19F NMR 
spectroscopy. cCatalyst decomposition. dYields were deter-
mined by 1H NMR spectroscopy using tetrakis(trimethylsi-
lyl)silane as internal standard. eBoth proteo- and deutero-
toluene were tested as solvent, and no difference was ob-
served. 

Notably, even though the iminyl complex (AdFL)Ni(NAd) 
(2) can abstract the benzylic hydrogen from toluene,43 the 
intramolecular reaction is sufficiently faster than intermo-
lecular C–H bond amination that the cyclization reaction 
can be run in toluene (Table 1, entry 8) without diminishing 
the yield (95%). However, rapid catalyst decomposition via 
demetallation was observed in protic (MeOH) and redox-ac-
tive (DMSO) solvents (Table 1, entry 10-11). We note that 
the acidic ɑ-H or the trace amount of H2O in DMSO could also 
be detrimental to the catalyst performance. When dichloro-
methane is used as solvent, 1 undergoes instantaneous hal-
ogen abstraction, generating the corresponding divalent 
nickel chloride complex (AdFL)NiCl based on the 19F NMR 
features of the mixture (Table 1, entry 12).43 Based on these 
results, the optimal conditions were chosen to be 1 mol% 
catalyst loading in C6D6 for the ease of reaction monitoring. 
2.2. The bond dissociation energy limit of activatable C–
H bonds. To test the bond strength limit for activatable C–
H bonds of this cyclization reaction, a range of substrates 
with C–H bonds of various bond dissociation energies was 
examined (Table 2). Substrate 5 features a primary benzylic 
C–H bond (BDE: 89.7 ± 1.2 kcal/mol)46 requires 9 h at room 
temperature with 10 mol% catalyst loading to be fully con-
verted to the corresponding pyrrolidine product 6. The 
same reaction can be completed in only 2 h with 1 mol% 
catalyst loading heated to 60 °C (65 %). Isolation of the 

pyrrolidine product 6 was achieved either by an acid-base 
aqueous extraction or via N-tolsylation (addition TsCl, NEt3, 
40 °C, 2 h) followed by column chromatography. Worth not-
ing, the rate difference is likely caused by a combination of 
an entropically unfavored transition state due to the incor-
poration of a rigid phenyl group as well as the increased C–
H bond dissociation energy in 5 (as compared to 3).  

Substrates with tertiary and secondary aliphatic C–H 
bonds can also be readily functionalized in good yields using 
1 mol% catalyst loading at 60 °C in 6 and 24 h, respectively 
(7 and 9). A higher catalyst loading of 10 mol% was re-
quired to aminate a substrate featuring a primary C–H bond 
(11) even at elevated temperature (80 °C, 48 h). Due to the 
volatility of the product, 12 is separated as an ammonium 
chloride salt by vacuum transferring into an HCl-diethyl 
ether solution, leading to a final isolated yield of 35%. Over-
all, the activable C–H bond strength can be viewed as a 
proxy for the radical nature of the NR fragment. While the 
NiII iminyl system reported herein can activate strong ali-
phatic C–H bonds, similar catalytic performance was ob-
served with previously reported FeIII iminyl radical spe-
cies23, 25 or geometrically constrained CoIII imido com-
plexes,45 showcasing the resemblance of their electronic 
structures despite different metal oxidation states. 
2.3. Chemoselectivity between C–H bonds with different 
bond dissociation energies. To evaluate the chemoselec-
tivity of this cyclization reaction, azide substrates featuring 
C–H bonds with different bond dissociation energies were 
examined under the optimized conditions (entry 1-4; Table 
3). Gratifyingly, high levels of chemoselectivity (d.r. > 99:1) 
favoring C–H bonds with lower bond dissociation energies 
were observed in every substrate tested. Product corre-
sponding to the stronger C–H bonds was undetectable by 1H 
NMR spectroscopy. Moreover, when different C–H bonds 
with similar bond dissociation energy were present in the 
same substrate in a 2:1 ratio, the expected statistical prod-
uct mixture (2:1) was obtained (22a-b). 
2.4. Functional group tolerance. The catalytic amination 
cyclization reaction tolerates a wide range of functional 
groups (Table 4): electron rich groups such as thiophene 
(23), furan (24), N-methylindole (25), phenoxides (26-27) 
and thioether (28); as well as electron withdrawing groups 
like aryl halides (29-30), ester (31), and trifluoro methyl 
groups (32). Notably, when the ester group is positioned 
appropriately, tandem cyclization can be accomplished, 
leading to indolizidine (31) framework that is commonly 
found in a variety of alkaloids.47 Substrates with coordinat-
ing functional groups such as benzo[d]thiazole (33) readily 
undergoes cyclization in good isolated yield (80%). To ex-
amine if large, aromatic substituents alpha to the aminated 
C−H bond would impede catalysis, a pyrene terminated sub-
strate (34) was examined and did not impact catalysis. 

An aliphatic azide featuring a pendant alkyl bromide (35) 
leads to rapid catalyst decomposition in a similar way that 
dichloromethane deactivates the catalyst via Cl-atom ab-
straction (Table 1, entry 12). Acidic functional groups such 
as phenol (36) also leads to rapid catalyst decomposition 
likely via proto-demetallation (free (AdFL)H observed by 1H  
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Table 2. Substrates with various bond dissociation energiesa 

N3

R3R2
R1

1 mol%
(AdFL)Ni(py) (1) H

NR1
R2C6D6  

Entry Substrate Time (h) Temperature (°C) Product Yield (%)a 

1 

N3

Me Me
3  

2 25 N
H

Me
Me

4  

95 

2 
Me

N3

Me Me

5  

9b/2 25b/60 NTs

Me Me

6c
 

65 

3 N3

MeMe

7  

6 60 N
H Me

Me

8  

88 

4 

Me N3

9  

24 60 NTs
Me

10c
 

72 

5 
Me N3

Me Me
11b

 
48 80 N

H
Me
Me

12c
• HCl

 

35 

aIsolated yields; b10 mol% of (AdFL)Ni(py) (1) was used; cDerivatized for ease of isolation. Combined yield for two steps.48 
Table 3. Substrates with competitive C–H bonds of different bond dissociation energiesa 

N3

R3R2
R1

1 mol%
(AdFL)Ni(py) (1) H

NR1
R2C6D6

60 °C  
Entry Substrate Time (h) Product Yield (%)b 

1 

Me

Me

N3

Me

Me

13  

4 

NH
Me

Me

Me

14  

71 

2 

Me

Me

N3 Me

15  

4 

NH
Me

Me

16  

65 

3 Me
N3

Me

Me

Me
17  

6 

H
N

Me MeMe
Me

18  

82 
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5  

4 Me

N3Me

Me
19  

24 

H
N

Me
MeMe

20  

85 

5 

N3
Me

21  

24 NTs

Me Ts
NMe

22a : 22bc

2 : 1  

67 

aWithin each substrate, the more activated C–H bonds are noted with red circles, and the less activated ones are labeled with 
blue circles; bIsolated yields; cDerivatized for ease of isolation. Combined yield for two steps.48 

Table 4. Functional group tolerancea 

 
 

aAll yields noted are isolated yields; bDefault catalyst loading (1 mol %) unless noted otherwise; cfunctional groups detri-
mental to the catalysis are highlighted in green. 
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Figure 2. (a) Conversion of substrate 3 into 4 as a function of time using 8 mol% of 1. The black dashed line represents the linear fit 
over the first three half-lives (3𝜏𝜏1/2) used to extracted kobs values. (b) Observed rate constants as a function of catalyst loadings with 
every measurement done in triplicate. Error bars represent standard deviations. Inset: observed rate constants as a function of ex-
ogenous pyridine concentrations using 8 mol% of 1. Every measurement is done in triplicate, and error bars represent standard 
deviations. (c) Eyring analysis with every measurement done in triplicate. Error bars represent standard deviations. Parameters 
extracted from the Eyring plot: ΔH≠ = 13.4 ± 0.5 kcal/mol; ΔS≠ = −24.3 ± 1.7 cal/mol·K; ΔG≠(25°C) = 20.6 ± 0.5 kcal/mol. 

 
NMR spectroscopy). However, substrates containing pro-
tected phenol such as benzyloxy group can be readily cy-
clized (37). 

When the cyclization leads to a fused ring structure (38), 
high level of diastereoselectivity is observed (syn:anti > 
99:1).49 The minor anti isomer is not detectable by 1H NMR 
spectroscopy. If different α-methylene substituents are in-
troduced at the gem position (Ph/Me), the reaction exhibits 
a moderate level of diastereoselectivity (39, d.r. = 4.3:1; 
83%).27 Although the pyrene substituent in 34 and steri-
cally encumbered tertiary benzylic C–H bond (40) undergo 
cyclization smoothly, the mesityl substituent in 41 only led 
to trace amounts of the cyclized product, likely owing to the 
ortho-phenyl substituents that can sterically impede activa-
tion. 

2.5. Mechanistic study. To elucidate the mechanism of 
the amination cyclization, the concentrations of azide 3 and 
product 4 during the catalytic reaction with 8 mol% of 1 at 
room temperature were measured as a function of time 
(Figure 2a) using 1H NMR spectroscopy. Linear relation-
ships were observed for product generation and azide con-
sumption over time (3𝜏𝜏1/2, 14 min), indicating a zeroth or-
der dependence of the reaction rate on the substrate con-
centration. Similar experiments were carried out using var-
ious catalyst loadings from 2−10 mol%. Plotting the slopes 
obtained from first three half-lives of each run (kobs) versus 
catalyst loadings reveals a linear relationship, indicating a 
first order dependence of the reaction rate on the catalyst 
loading (Figure 2b). Each kinetic experiment is reproduced 
in triplicate, and error bars are plotted using the standard 
deviations. The 1H and 19F NMR spectra during catalysis in-
dicate complete conversion of 1 into a paramagnetic species 
with similar spectroscopic features to the previously re-
ported (AdFL)Ni(NAd) (2) (Figure S5). Notably, the concen-
tration of the new species remains constant over the course 
of the reaction, suggesting the resting state of the catalyst is 
the corresponding nickel(II) iminyl species. Complete 

regeneration of catalyst (AdFL)Ni(py) (1) was observed after 
reaction completion by 19F NMR spectroscopy. 

Considering our recently reported cobalt dipyrrin cata-
lytic system whose rate depends on concentration of exog-
enous L-type ligand such as pyridine,44 we sought to exam-
ine if a similar effect exists for the nickel system. As the iso-
lated nickel adamantyl iminyl complex 2 does not have pyr-
idine bound, several catalytic runs with 8 mol% catalyst 
loading were carried out with pyridine ranging from 0–30 
mol% added. Based on the kobs values extracted from the 
slopes over first three half-lives of the trial runs, the reac-
tion rate does not vary significantly with exogenous pyri-
dine concentrations (Figure 2b), possibly due to the in-
creased electronegativity of nickel compared to cobalt.44-45 
Notably, at high pyridine concentration (30 mol%), even 
though the product generation follows a linear relationship 
over the first three half-lives, the correlation deviates from 
linearity at low substrate concentration, indicating a com-
petitive binding equilibrium between the substrate 3 and 
pyridine. 

 
Figure 3. Proposed mechanism for C–H amination. 
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Figure 4. DFT calculated reaction pathway for the cyclization of 3 into 2-phenyl-5,5-dimethylpyrrolidine (4) mediated by 
(AdFL)Ni(py) (1). Energies are reported in kcal/mol relative to the (AdFL)Ni(•NR) catalyst resting state. [B3LYP/ def2-SVP (C, H) and 
def2-TZVP (Ni, N, F)]50-53 

 
We have shown in our previous Fe- and Co-based catalytic 
systems by measuring the kinetic isotope effects that H-
atom abstraction contributes to the rate determining step of 
the amination.23, 27, 44-45 Similarly, the bis-deutero substi-
tuted substrate (4-azido-4-methylpentyl-1,1-d2)benzene 
(3D2) was prepared and treated with 8 mol% of 1. By meas-
uring concentration of the product 4D over time (Figure S4), 
an intermolecular kinetic isotope effect of 31.9 ± 1.0 was de-
termined. The large KIE value indicates the C–H bond acti-
vation features prominently in the rate determining step 
and, furthermore, either goes through a radical-based, 
Hatom abstraction with significant tunneling or can indi-
cate a highly linear transition state between the H-atom do-
nor and acceptor. 42 Given the configurational restriction by 
tunneling effect, a large, negative activation entropy is ex-
pected. Indeed, by conducting the same kinetic experiment 
at various temperatures and performing Eyring analysis, ac-
tivation enthalpy of 13.4 ± 0.5 kcal/mol and activation en-
tropy of −24.3 ± 1.7 cal/mol·K were obtained, consistent 
with other previously reported kinetic measurements on 
similar 1,5-HAA reactions (Figure 2c).54-55 

Based on the above kinetic measurements, a catalytic cy-
cle is proposed (Figure 3). Substrate 3 displaces pyridine 
from 1, followed by release of dinitrogen giving rise to the 
corresponding nickel iminyl species (e.g., NiII(2NR)) as the 
resting state of the catalyst.43 The next step is the rate-de-
termining hydrogen atom abstraction via tunneling fol-
lowed by radical recombination to furnish the bound 

cyclized product. Product displacement is aided by ligand 
substitution with pyridine or substrate 3, releasing the pyr-
rolidine product 4. Since 3 enters the cycle before the rest-
ing state, the reaction rate is not dependent on its concen-
tration.42 

2.6. Theoretical Modelling of the Reaction Profile. 
Density functional theory (DFT) calculations were em-
ployed in order to provide support for the proposed mech-
anism in Figure 4, and to gain insight into geometric factors 
that may influence substrate turnover during catalysis. The 
calculations were performed with the B3LYP functional and 
the def2-SVP (C, H) and def2-TZVP (Ni, N, F) basis sets on an 
untruncated system.50-53 The full computational methodol-
ogy is described in detail in the Supporting Information. We 
first optimized the minima along the reaction coordinate 
corresponding to the resting state alkyl iminyl species B and 
the ring-closed, pyrrolidine bound D. The DFT optimized 
resting state B has similar coordination bond lengths 
(Ni−Nim = 1.668 Å) to the crystallographically characterized 
adamantyl imido we previously described (Ni−Nim = 
1.642(7) Å), whereas the product bound D has a signifi-
cantly longer Ni−Nim bond, (Ni–Nim = 2.126 Å) more in line 
with the Ni(I) catalyst (1) (Ni–Npyr = 1.9566(19) Å). Prod-
uct-bound D is 30.4 kcal/mol lower in energy relative to the 
catalyst resting state. In order to locate transition states cor-
responding to hydrogen-atom abstraction (HAA – TS1) and 
pyrrolidine ring closure (TS2) as a result of alkyl radical re-
bound, a relaxed potential energy surface scan along the C4–
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Nim bond vector (20×0.1 Å steps) was conducted starting 
from the product bound D and searching for an energy max-
imum. The corresponding maximum energy geometry was 
then subjected to a transition state optimization, resulting 
in a species with a single imaginary frequency (νim = −297 
cm−1) located 32.6 kcal/mol above the ring closed product, 
corresponding to TS2, ring closure between C4 and Nim as a 
result of alkyl radical rebound. Connectivity between TS2 
and D was established via an intrinsic reaction coordinate 
(IRC) calculation, during which the Ni–Nim bond length 
lengthens substantially (1.877 Å in TS2 to 2.126 Å in D) 
while moving along the reaction coordinate. Furthermore, 
C4 is planarized in TS2, suggesting radical character at that 
position. 

We then endeavored to locate the transition state corre-
sponding to H−atom abstraction by moving the proton from 
Nim back to C4 and performing an optimization, resulting in 
a local minimum immediately preceding HAA (see the 
suppsupporting Information for geometry and coordinates, 
Figure S13–S19, Table S2–S8). A relaxed potential energy 
surface scan along the Nim−H vector located a maximum en-
ergy structure which was optimized to a transition state 
corresponding to HAA with a single imaginary frequency 
(νim = −1693 cm−1) located 23.3 kcal/mol above the catalyst 
resting state. While this is in excellent agreement with the 
barrier determined experimentally (20.6 ± 0.5 kcal/mol), 
the intermediate C following HAA and preceding radical re-
bound was found as confirmation of HAA as rate determin-
ing. The reaction coordinate was followed in the forward di-
rection from TS1 to locate a local minimum structure pre-
ceding radical rebound, located 5.3 kcal/mol below TS2. 
This modest barrier to radical rebound agrees with HAA as 
the rate determining step by both experimental and theo-
retical means. 

2.7. Intramolecular isotope labelling experiment. In 
order to gain kinetic information on the rate of radical re-
combination step, a pair of isotopically labelled enantiopure 
substrates (S-3HD and R-3HD) were prepared.56 Subjecting 
this pair of substrates to standard catalytic conditions could 
lead to four potential products: S-4H, R-4H, S-4D and R-4D (S-
3HD: Figure 5; S-3HD and R-3HD: Figure S7). The two pairs of 
enantiomers (S-4H, R-4H; S-4D, R-4D) are resolved using 
Mosher analysis57-58 by condensing the isolated mixture of 
4H and 4D with (S)-(+)-α-Methoxy-α-(trifluoromethyl)phe-
nylacetyl chloride (S-Mosher acyl chloride). The product 
distributions are obtained from 1H NMR spectrum of the fi-
nal mixture. Since catalyst 1 is achiral and the pair of sub-
strates (S-3HD and R-3HD) are enantiomers, the same prod-
uct distribution with inverted chirality should be expected 
from both reactions. Indeed, the same distribution was ob-
served with a large ratio between 4D and 4H in both cases, 
suggesting the H−atom abstraction is favored over its deu-
terium counterpart, yielding an intramolecular KIE of 18.1 
greater than related iron and cobalt dipyrrin systems,23, 44 
but less than the geometrically restricted Co-based cata-
lyst.45 

Once the H/D-atom is abstracted, two processes take 
place in competition: the planar, carbon-based benzyl radi-
cal rotation to expose either the Re or Si face near the iminyl 

N, and radical rebound to form the C–N bond. Given the sub-
strates S-3HD and R-3HD are enantiopure, if the rate of radi-
cal trapping process exceeds that of the carboradical rota-
tion, the corresponding enantiopure pyrrolidines (4H or 4D) 
should be expected. Otherwise, if the radical rebound pro-
cess is sufficiently slow that the carboradical rotation 
reaches thermo-equilibrium first, completely racemic mix-
tures would be observed instead. The experimental results, 
however, revealed an intermediate ratio of 4.6 (average 
from two reactions) between the major and minor isomers. 
The intermediate value suggests that radical is trapped be-
fore its rotation could reach thermo-equilibrium, suggest-
ing that the two processes happen on a comparable time 
scale. A similar strategy to probe the rate of radical rebound 
has been used to examine the mechanism of C–H hydroxyla-
tion using cytochrome P450,59 intramolecular C–H insertion 
using iron-carbene complexes,60 allylic C–H abstraction by 
singlet oxygen,61 and more recently enantioselective car-
bene C–H insertion catalyzed by chiral cobalt porphyrin 
complexes.62 In relation to our previously published dipyr-
rinato Fe system23 with a smaller KIE of 5.3 and Co catalyst 
that only exhibits a large KIE of 38.4(1) upon geometry dis-
tortion of the imido fragment to resemble the HAA transi-
tion state,45 we hypothesize that the linear approach of the 
C–H bond toward to iminyl N-atom would result in the cor-
responding amide H-atom blocking the effective radical re-
combination pathway, allowing the alkyl radical rotation to 
happen prior to intramolecular capture. 

 
Figure 5. Product distribution using enantiopure mono D-
labeled substrates S-3HD, The two pairs of enantiomers (S-
4H and R-4H; S-4D and R-4D) are resolved using Mosher 
analysis57-58 and the ratios are obtained using 1H NMR spec-
troscopy. All reactions were carried out using standard cat-
alytic conditions at room temperature (25 °C). 

Based on these results, two potential strategies toward 
enantioselective C–H amination catalysis can be proposed 
depending on the relative rate between radical recombina-
tion and rotation.62 If the radical rebound is much faster, the 
enantioselectivity is solely determined by the H−atom 

Page 9 of 11

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

9  

abstraction step. Therefore, the catalyst should have its chi-
ral elements proximal to the iminyl nitrogen. If, however, 
carboradical rotation reaches thermo-equilibrium first, the 
reaction will be under Curtin-Hammett control.42, 62 The en-
antioselectivity is then dictated by the relative barrier 
height of the radical rebound process with Re or Si face of 
the carbon-based radical. In this case, the catalyst should be 
designed to better accommodate one prochiral face of the 
radical versus the other. The enantioselective C–H amina-
tion catalysis is currently under study. 

3. CONCLUSION 
In conclusion, we have developed an efficient nickel di-

pyrrinato catalyst capable of aminating strong, aliphatic C–
H bonds with simple ligand synthesis, low catalyst loading, 
mild reaction conditions, wide substrate scope and high 
chemoselectivity. From an electronic structure standpoint, 
the reactive intermediate proposed in the Ni-based catalytic 
cycle is a NiII iminyl radical,43 akin to those encountered in 
the FeII dipyrrin-supported catalysts.23-26 Catalysts that ei-
ther accumulate radical character on the nitrenoid frag-
ment23-26 or geometrically predispose the reactive interme-
diate to being reactive45 are more potent oxidants than re-
lated systems that traverse through imido-like intermedi-
ates.44 A detailed mechanistic study was also carried out to 
provide insights into further improvements of the Ni cata-
lyst. Theoretical studies closely reproduced experimentally 
measured kinetics barriers, corroborating the proposed 
mechanistic cycle. Intramolecular isotope labelling experi-
ment suggests that the radical recombination step happens 
on the same time scale as the radical rotation. Based on 
these results, two potential strategies for enantioselective 
amination are proposed, and catalysts competent for such 
enantioselective catalysis are currently under study. 
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