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ABSTRACT: This manuscript details the development of an asymmetric variant for the Ni-photoredox α-arylation of tetrahydrofuran (THF), 
which was originally reported in a racemic fashion by Doyle and Molander. Leveraging the enantioselectivity data that we obtained, a complex 
mechanistic scenario different from those originally proposed is uncovered. Specifically, an unexpected dependence of the product enantio-
meric ratio was observed on both the halide identity (aryl chloride vs. bromide substrates) and the Ni source. Stoichiometric experiments and 
time course analyses of the evolution of product enantioselectivity with time revealed a different initial behavior for reactions carried out with 
Ni(II) and Ni(0) pre-catalysts that later converge into a common mechanism. For studying the predominant pathway, this paper describes a 
rare example of the syntheses of chiral bisoxazoline Ni(II) aryl halide complexes, which proved essential for probing enantioselectivity via sto-
chiometric experiments. These experiments identify the Ni(II) aryl halide complex as the primary species involved in the key THF radical 
trapping event. A multivariate linear regression model is presented that further validates the dominant mechanism and delineates structure-
selectivity relationships between ligand properties and enantioselectivity. EPR analysis of Ni(0)/aryl halide mixtures highlights the fast access 
to a variety of Ni complexes in 0, +1, and +2 oxidation states that are proposed to be responsible for the initial divergence in mechanism observed 
when using Ni(0) pre-catalysts. More broadly, beyond advancing the mechanistic understanding of this THF arylation protocol, this work 
underscores the potential of leveraging enantioselectivity data to unravel intricate mechanistic manifolds within Ni-photoredox catalysis. 

INTRODUCTION  
Nickel photoredox catalysis is a fast-developing field which has been 
shown to enable a wide variety of transformations.1 Contrasting with 
the fast pace of reaction discovery, mechanistic understanding of 
these systems has proven more challenging, largely owing to the re-
dox promiscuity of Ni. Indeed, most Ni photoredox protocols are 
dominated by concurrent side reactions of comproportionation, dis-
proportionation, and photolysis that enable the fast interchange be-
tween several oxidation states.2 In this paper, the identification of a 
complex mechanistic scenario is described where all of these pro-
cesses are present and different pathways become more or less prev-
alent depending on the Ni source and the reaction time.  

Specifically, this study focuses on the mechanism of the α-O-aryla-
tion of tetrahydrofuran (THF), where photolysis of a Ni intermedi-
ate was proposed to be responsible for the radical generation that fa-
cilitates the C–H abstraction. This mechanistic manifold has been 
leveraged in other transformations,3 and was first reported by Doyle 
and Molander in the context of the THF arylation reaction that we 
are studying.3a, 3b These seminal reports used achiral bipyridine lig-
ands, and we became interested in investigating if this reactivity 
could also be achieved with a chiral ligand system to render this 
transformation enantioselective.4 During our investigations an unex-
pected dependence of the product enantiomeric ratio (e.r.) on hal-
ide identity was observed when switching from aryl chloride to aryl 
bromide substrates. This data was inconsistent with the previously 
proposed mechanisms and suggested that the halide atom could be 

involved in the enantioselectivity-determining step (Figures 1a and 
1b).3a, 3b  

A series of stoichiometric experiments and time course analyses of 
the reaction enantioselectivity with different Ni sources were then 
performed. These studies suggested that different mechanisms were 
favored in the initial reaction stages depending on the Ni source, 
with these pathways evolving into a common dominant manifold as 
the reaction progresses. Specifically, a Ni(II) aryl halide intermedi-
ate was implicated as the species trapping the carbon-centered radi-
cal in most scenarios (Figure 1c). Alternatively, when using 
(BOX)Ni(COD) as the pre-catalyst, the intermediacy of a different 
Ni(II) species bearing both aryl and THF ligands was found to pre-
vail at the initial reaction stages (Figure 1d). Notably, Ni(COD)2 

was the pre-catalyst used in the seminal aryl chloride report.3a  

Figure 1. Proposals for the THF radical trapping event 

 
For: dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridyl, Ar = aryl, X = Cl or Br, BOX = 
bisoxazoline, and COD = 1,5-cyclooctadiene. 
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It should be noted that, at the onset of our investigations, these 
mechanistic scenarios had not been proposed (Figures 1c and 1d). 
However, very recently, the Doyle group published a mechanistic 
study of this reaction using bipyridine ligands that identified a reac-
tion pathway analogous to that depicted in Figure 1c.5 Doyle's ap-
proach is complementary to the experiments detailed in this manu-
script and leverages a series of computations, stoichiometric, and ki-
netic experiments to elucidate the reaction mechanism. While our 
analysis largely agrees with Doyle’s recent paper, our different ap-
proach to investigating this reaction mechanism also allowed us to 
identify a more intricate scenario where multiple concurrent mech-
anisms are observed, highlighting both the validity of our approach 
and its potential to uncover complex mechanistic scenarios. 

Beyond the specific findings regarding the mechanism of this reac-
tion, this paper highlights the potential of exploiting enantioselectiv-
ity data for mechanistic elucidation. To do so, this paper introduces 
routes to access a series of chiral bisoxazoline (BOX) Ni(II) aryl hal-
ide complexes, which were utilized for key stoichiometric experi-
ments. In contrast to aryl halide oxidative addition bipyridine-li-
gated Ni complexes, analogous BOX-ligated oxidative addition com-
plexes present a challenging synthesis with limited known examples.6 
Finally, multivariate linear regression (MLR) models are provided 
that further support the proposed mechanism and identify structure-
selectivity relationships between ligand properties and enantioselec-
tivity. 

RESULTS AND DISCUSSION  
The reaction between THF and methyl 4-chlorobenzoate (1a) was 
chosen as a model system to study the enantioselective α-THF ary-
lation (Table 1). A series of chiral ligands were screened, and it 
quickly became apparent that BOX ligands outperformed the other 
chiral ligands tested. A large effect of the oxazoline substituents and 
methylene bridge substitutions on both yield and enantioselectivity 
was observed. However, it was unclear based on solely chemical in-
tuition what the optimal substitution at either of these positions 
might be (entries 1-3). A conventional trial-and-error approach to 
reaction optimization would require us to synthesize a large number 
of possible chiral ligand candidates in order to identify those that 
perform as desired. Instead, to expedite the ligand optimization cam-
paign, MLR models were developed to analyze the results and guide 
subsequent targeted experimentation.7 This strategy has been suc-
cessfully implemented in other Ni-catalyzed enantioselective reac-
tion optimization campaigns.7a, 7d An iterative process of ligand syn-
thesis and model refinement eventually converged in the identifica-
tion of L4 as the optimal ligand (entry 4, see SI for more details).  

Control experiments showed no product formation in the absence 
of Ni, Ir photocatalyst (PC), or light (entry 5). No reaction was ob-
served for aryl chloride 1a in the absence of PC when a higher energy 
wavelength of light was used. However, when using aryl bromide 1b, 
these same conditions led to a comparable product yield and better 
enantioselectivity to those obtained in the photocatalyst-mediated 
system (entries 6 and 4).2b, 2f-h, 5, 8 This result will be discussed in detail 
later in this manuscript. Finally, further optimization of the reaction 
conditions highlighted that the enantioselectivity could be improved 
by lowering the temperature, and adding the Ir photocatalyst por-
tion-wise every 12 hours was found to improve the yield (entry 7; 

please see SI Sections 4-5 and Figure S2 for further details on the re-
action optimization and a concise scope exploration, respectively). 

Table 1. Reaction optimization 

 

Reaction conditions: NiCl2·glyme (0.015 mmol), BOX ligand (0.023 
mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.002 mmol), K3PO4 (0.2 mmol), 
aryl chloride 1a (0.1 mmol) or aryl bromide 1b (0.1 mmol), and 2 mL of 
THF, 30 °C. [a] All reported enantiomeric ratios were measured by chiral 
SFC from the isolated products. All yields were determined by 1H NMR 
(n.d. = not detected). [b] Yield of the isolated product after 48 h, with the 
photocatalyst added portion-wise. [c] Ir[dF(CF3)ppy]2(dtbbpy)PF6 
(0.0005 mmol), yield of the isolated product after 14 h. 

During the optimization campaign, to our surprise, we noticed that 
drastically different levels of enantioselectivity were obtained using 
aryl chloride 1a compared to its bromide analog 1b. Lower enanti-
oselectivities were consistently obtained for the aryl bromide under 
a variety of conditions and when using different ligands (Table 1). 
This halide dependence on e.r. was also observed when switching 
the pre-catalyst from NiCl2 to NiBr2 (entries 2 and 8). We hypothe-
sized that the lower enantioselectivities observed in the aryl bromide 
reactions could be due to product racemization or chiral ligand deg-
radation. A time course study of the enantioselectivity was per-
formed for both the aryl chloride and aryl bromide reactions, using 
NiCl2·glyme and NiBr2·glyme, respectively, to avoid any possible 
halide scrambling effect. These experiments showed minimal ero-
sion of the enantioselectivity with time for both systems. However, 
diminished yields were observed at prolonged reaction times only 
for the aryl bromide system, suggesting that the arylated product is 
unstable to the aryl bromide reaction conditions. Additional experi-
ments were conducted to study this phenomenon. The isolated 2a 
product was added to the coupling of THF with a different aryl bro-
mide. This experiment confirmed the instability of the product to 
the reaction conditions, but again no changes in the product enanti-
oenrichment were observed (see SI Section 8 for more details). This 
indicates that neither product racemization nor ligand degradation 
are likely to be responsible for the e.r. discrepancy.  

As shown in Figure 2a, no apparent correlation of the reaction enan-
tioselectivity between the aryl bromide and aryl chloride was ob-
served when using the same BOX ligands. Two mechanistic hypoth-
eses can explain these results: 
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(1) The aryl chloride and bromide reactions may undergo differ-
ent mechanisms. 

(2) Both reactions follow analogous mechanisms, but a halogen 
atom is bound to Ni when the carbon-centered radical is trapped.  

To challenge the possibility of a common mechanism for both aryl 
halides, we tested if the enantioselectivities obtained for 1a and 1b 
substrates, while disparate, could be statistically modeled together. 
Our hypothesis was that if a correlation can be found between e.r. 
and the properties of the common reaction intermediate that traps 
the carbon-centered radical, this would support a common mecha-
nism. Specifically, it was hypothesized that the Ni(II) aryl halide 
complex could be the species that traps the THF radical, and that the 
divergent properties of the chloride and bromide adducts may be re-
sponsible for the divergent enantioselectivities. Additionally, this 
Ni(II) complex would be expected to be more stable than other 
Ni(I) or Ni(0) complexes, and therefore it would be present in 
higher concentration in solution and be more likely to trap a free 
THF radical. 

To initiate statistical modeling, the properties of (BOX)Ni phenyl 
chlorides and bromides bearing the ligands utilized in this study 
were calculated. Specifically, gas-phase conformational searches 
(OPLS4,9 MacroModel10) gave representative ensembles of ener-
getically accessible conformers (<5 kcal/mol). These low energy Ni 
conformers were subjected to DFT geometry optimization (B3LYP-
D3BJ/6-31G**-lanl2dz[Ni]), followed by single-point calculations 
to obtain energies and properties (M06-D3/def2tzvp-SDD[Ni]-
SMD[THF]).11 

A forward stepwise algorithm was used to identify MLR models that 
would capture both aryl chloride and aryl bromide enantioselectivity 
trends.7 As shown in Figure 2b, a statistically robust model was found 
that correlates the measured enantioselectivities with computed 
properties of the (BOX)Ni aryl halide complexes. The validity of the 
model is highlighted by its high leave-one-out (LOO) Q2 value and 
the training mean absolute error (MAE). Notably, despite the large 
amount of withheld data (40% test:training split),12 excellent predic-
tions for the test set were also obtained as indicated by the test R2 
and MAE values. The model robustness was independent of the 
test/training splitting algorithm used (see SI for more details). 

This model includes two parameters related to the three-dimen-
sional structure of the complex, each describing angles within the ox-
azoline cores. These descriptors capture the asymmetry of the com-
plex, with α describing the oxazoline trans to the halogen and β refer-
ring to the oxazoline trans to the phenyl group. Another parameter 
describes the difference in the spatial accessibility to the Ni center 
from each face, as quantified using the recently reported AtomAc-
cess descriptor (accessibility ratio, orange box).13 Specifically, this 
parameter measures the percentage of the unblocked paths to Ni on 
the less accessible face. A higher accessibility ratio (closer to 50%) 
indicates that access to Ni from either face is relatively similar. The 
negative coefficient for this parameter in the model indicates that Ni 
complexes where one face is blocked, which are therefore more likely 
to trap the THF radical only on the most accessible face, are pre-
dicted to provide higher enantiocontrol. 

Additionally, the model contains a descriptor of the phenyl ring dis-
tortion, measuring the average angle among the carbons of the aro-
matic system (γ; similar correlations were also found with the 

average C–C distances). Notably, this is the only parameter in the 
model that separates the bromide from the chloride complexes. The 
chloride complexes present little to no distortion of the aromatic 
ring, with average angles close to the ideal 120° for all complexes. In 
contrast, the bromide complexes present a wider range of γ angles.  

We hypothesized that the arene distortion could arise from either: 
(1) a non-covalent interaction (NCI) involving the arene; or (2) 
changes in the Ni–arene bonding that are indirectly dependent on 
the halogen. Hypothesis 2 was discarded, as no correlation was ob-
served between γ and any Ni electronic descriptors. Among possible 
NCIs, we initially considered a direct interaction between the bro-
mide and the arene; however, γ is not correlated with either the bro-
mide-arene distance or with any bromide electronic descriptors. We 
then extended our search for other parameters that correlated with 
γ and identified a correlation with the calculated NMR shift at Ha 
(R2 = 0.73). This suggests that the arene distortion may be a reporter 
for a C–H-π interaction between the arene and Ha. Finally, no such 
correlation was observed in the chloride series, suggesting this non-
covalent interaction is specific to the Ni(II) aryl bromides (see SI for 
further details).  

Figure 2. Enantioselectivity changes and MLR model for aryl 
chlorides vs aryl bromides 

 
a) Comparison of the enantioselectivities obtained for 1a vs 1b utilizing the 
same ligand. b) MLR model expressing the enantioselectivities obtained for 
1a and 1b in terms of properties of the (BOX)Ni aryl halide complexes hy-
pothesized to be involved in product formation. 40% test:training split with 
Kennard-Stone algorithm.12 All reported values are enantiomeric ratios 
measured by chiral SFC from the isolated products. The accessibility ratio 
image was generated with Chilton's web tool ref. 13b, initially reported in ref. 
13a. Copyright 2023 American Chemical Society. 

Other steric and electronic descriptors that differentiate chloride 
and bromide complexes were also identified. However, they do not 
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appear in the model because they do not show as strong of a correla-
tion with the enantioinduction as γ. Nonetheless, these descriptors 
highlight the electronic and conformational changes triggered by the 
identity of the halogen, which are believed to collectively account for 
the significant difference in enantioinduction observed. A detailed 
analysis considering these descriptors is provided in the SI. 

To challenge the mechanistic relevance of the (BOX)Ni aryl halide 
correlation depicted in Figure 2b, we then tested if models could also 
be constructed from other halide-bonded Ni complexes. The prop-
erties of (BOX)Ni dihalide complexes were calculated and these 
molecular descriptors were subjected to the modeling workflow pre-
viously described. The models obtained presented worse statistics 
and failed to validate over different data splits, which is characteristic 
of overfitting (see SI for further details). This further supports the 
involvement of the (BOX)Ni aryl halide complexes in the enantiose-
lectivity-determining step of the reaction. 

Intrigued by this preliminary result suggesting that the Ni(II) oxida-
tive addition complex may be trapping the THF radical (Figure 1c), 
we decided to further investigate this mechanistic manifold. We first 
aimed to conduct stoichiometric experiments where the THF radi-
cal is generated independently in the presence of different Ni(II) 
aryl halide BOX complexes.14 The objective of these experiments is 
to compare the enantioselectivity data obtained from stoichiometric 
and catalytic experiments to further probe the possible involvement 
of the Ni(II) oxidative addition complex in the enantioselectivity-
determining step. If the enantioselectivity values obtained under the 
stoichiometric conditions are in accordance with those measured 
under the catalytic conditions, this would strongly suggest that this 
is the Ni complex that traps the radical species. Furthermore, this ap-
proach would allow us to study both the aryl chloride and aryl bro-
mide reactions separately and challenge the common mechanism 
hypothesis.  

The synthesis of a series of aryl bromide and aryl chloride 
(BOX)Ni(II) complexes was more challenging than expected. Con-
trasting with the numerous syntheses of achiral Ni(II) oxidative ad-
dition complexes, chiral variants are more limited.14-15 This is espe-
cially true for BOX ligands, despite being one of the most commonly 
used chiral ligand scaffolds in Ni catalysis. To our knowledge, only 
one Ni alkyl bromide and two aryl bromide oxidative addition com-
plexes have been reported, and the synthesis of BOX-Ni aryl chloride 
complexes was unknown.6, 16  

Based on the reported (BOX)NiPhBr complex synthesis, we envi-
sioned accessing the desired Ni(II) complexes via Ni(0) oxidative 
addition into the aryl halide (Figure 3).6 Instead of the optimal L4, 
L2 was utilized as ligand because it works comparably to L4 and it is 
commercially available. The use of pentane as the solvent was found 
to be key for obtaining the (BOX)Ni(COD) adduct (I), as this ena-
bled separation of free 1,5-cyclooctadiene (COD) by filtration.6, 16 At 
this stage, previously reported procedures proceeded without any 
further purification. However, when we aimed to telescope this 
crude mixture by exposing it to aryl halides, the desired Ni(II) com-
plexes were obtained in low yields and our attempts to purify them 
were intractable. It was found that a subsequent ether wash could be 
used to separate the desired Ni(0) precursor I from any remaining 
unreacted Ni(COD)2 (see SI for details). This purified Ni(0) com-
plex then allowed us to synthesize a series of Ni aryl bromides (II-
Br) and aryl chlorides (II-Cl) via oxidative addition at room 

temperature under a large excess of the aryl halides.  

The Ni aryl bromide complexes were accessible in ether, and both a 
complex bearing an ortho-substituted arene (II-Br2) and the model 
substrate 1b (II-Br1) were obtained. The structure of II-Br2 was 
unambiguously established by X-Ray single crystal diffraction, re-
vealing a distorted square planar geometry (Figure S23). The slower 
oxidative addition of the aryl chloride prevented us from isolating 
the Ni(II) complex for the model substrate due to competitive biaryl 
formation. However, ortho-substituted arenes, which reduced the bi-
molecular transmetallation processes that lead to biaryl formation, 
were amenable to this synthetic pathway (II-Cl1 and II-Cl2).  

Figure 3. Synthesis of (BOX)Ni aryl halide complexes 

 

With the complexes in hand, we then needed to identify conditions 
where the THF radical can be generated and the Ni(II)complexes 
are stable. To reduce complications from possible energy transfer 
pathways, approaches that require photocatalysts were avoided. Di-
tert-butyl peroxide had been reported to facilitate the formation of 
the THF radical under thermal conditions for a Ni-catalyzed cross-
electrophile coupling reaction.17 Dual activation of the peroxide by 
moderate heating and blue light irradiation allowed us to promote 
the THF radical formation at 30 °C. Under these conditions no 
product formation was observed in the absence of the peroxide.  

Table 2. Enantioselectivity comparison for stoichiometric and 
catalytic experiments 

  
Stoichiometric reaction conditions: (L2)NiArX (0.05 mmol), (t-BuO)2 
(0.1 mmol), K3PO4 (0.2 mmol), and 2 mL of THF, 30 °C. Catalytic reaction 
conditions (Figure 2): NiCl2·glyme (0.01 mmol), BOX ligand (0.015 
mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.002 mmol), K3PO4 (0.2 mmol), 
aryl chloride 1a (0.1 mmol) or aryl bromide 1b (0.1 mmol), and 2 mL of 
THF, 30 °C. All reported enantiomeric ratios were measured by chiral SFC 
from the isolated products.  
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As shown in Table 2, the enantiomeric ratios obtained for stoichio-
metric and catalytic reactions were all nearly identical, thus strongly 
suggesting that Ni(II) complex II is the species that traps the THF 
carbon-centered radical. Furthermore, these stoichiometric experi-
ments led to product formation in higher yields than the catalytic 
conditions, consistent with the slow rates of oxidative addition for 
ortho-substituted aryl halides. 

Figure 4. Crossover experiments with Ni complex II as Ni 
source 

 
Reaction conditions: (L2)Ni(ArX) II (0.01 mmol), 
Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.002 mmol), K3PO4 (0.2 mmol), aryl chlo-
ride or aryl bromide 1b (0.1 mmol), and 2 mL of THF, 30 °C. NiCl2 reaction 
conditions (Figure 2): NiCl2·glyme (0.01 mmol), BOX ligand L2 (0.015 
mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.002 mmol), K3PO4 (0.2 mmol), 
aryl chloride (0.1 mmol) or aryl bromide (0.1 mmol), and 2 mL of THF, 
30 °C. All reported enantiomeric ratios were measured by chiral SFC from 
the isolated products, and yields were calculated via NMR of the crude reac-
tion mixtures. 

We then tested if these Ni(II) complexes could be used as pre-cata-
lysts for the reaction. Specifically, crossover experiments where the 
aryl halide in solution was different from the aryl halide within II 
were conducted, so as to have an enantioselectivity handle for both 
initial and subsequent catalytic turnover (Figure 4). When using II-
Cl2 or II-Br2 as the Ni source, no product bearing the ortho-substi-
tution was observed, and 2a was obtained as sole THF arylation 
product. This outcome was also observed by Doyle when studying 
this reaction with 4,4'-di-tert-butyl-2,2'-bipyridine (dtbbpy) as lig-
and.5 They demonstrated that under these conditions photochemi-
cally-induced reductive elimination of II gives access to Ni(0) com-
plexes. This allows for the swapping of the aryl groups within II, 
where the faster reactivity of the less sterically hindered 1a explains 
why 2a is observed as the product. Finally, when II-Br1 was used as 
the pre-catalyst, both products were observed. 

While the product distribution is not unprecedented,5 the enantiose-
lectivity readout is unique to our approach and allows us to further 
probe the pathway(s) accessed under these conditions. Specifically, 
comparison of the product enantioselectivities obtained in these 
crossover experiments with those obtained using different Ni 
sources allows us to identify if the same mechanisms are operative. 

The analysis of the enantioselectivities obtained utilizing these 
Ni(II) complexes as Ni sources revealed an intriguing behavior (Fig-
ure 4). The asymmetric induction analysis of 2a reveals lower enan-
tioselectivity when using II-Cl2 (78:22 e.r.) instead of NiCl2 (82:18 
e.r.) as the pre-catalyst. On the other hand, the aryl bromide reac-
tions produced the product bearing the arene of the added substrate 
in similar enantioselectivity (products depicted in blue). Interest-
ingly, higher stereo-control was observed when II-Br1 was used as 
the Ni source to yield 2a (red product, 68:32 e.r. with II-Br1 vs 
62:38 with NiCl2).  

The different enantioselectivities observed when utilizing NiCl2 or 
Ni(II) complex II as the Ni source suggest that different pathways 
can be accessed under these conditions. Given that these Ni(II) ox-
idative addition complexes should be readily accessed in the pres-
ence of Ni(0), we wondered how the product enantioselectivity 
would compare when using Ni(COD)2 as the pre-catalyst. 

The direct use of Ni(COD)2 as the pre-catalyst leads to no product 
formation. However, preformed (BOX)Ni(COD) I was found to be 
a suitable pre-catalyst. In all four cases studied, a different enantiose-
lectivity was observed for reactions performed with these two Ni 
sources (Table 3). Switching from the Ni(II) source to using this 
Ni(0) source resulted in lower enantioselectivities for aryl chloride 
substrate 1a and higher enantioselectivities for aryl bromide 1b. 
While some of these changes were substantial (5-10% e.r., entries 2 
and 4), even seemingly more subtle changes (entries 1 and 3) did 
not show any variation upon conducting the experiments in dupli-
cate. 

Table 3. Enantioselectivity comparison for different Ni sources 

 
NiCl2 reaction conditions: NiCl2·glyme (0.015 mmol), BOX ligand (0.023 
mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.002 mmol), K3PO4 (0.2 mmol), 
aryl chloride 1a (0.1 mmol) or aryl bromide 1b (0.1 mmol), and 2 mL of 
THF, 30 °C. (BOX)Ni(COD) reaction conditions: (BOX)Ni(COD) I 
(0.015 mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.002 mmol), K3PO4 (0.2 
mmol), aryl chloride 1a (0.1 mmol) or aryl bromide 1b (0.1 mmol), and 2 
mL of THF, 30 °C. All reported enantiomeric ratios were measured by chiral 
SFC from the isolated products, and yields were calculated via 1H NMR of 
the crude reaction mixtures. 
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Intrigued by this modest but consistent enantioselectivity depend-
ence on Ni pre-catalyst, and given that Ni(COD)2 was the Ni source 
utilized in the seminal report for the aryl chloride THF arylation,3a 
we decided to further investigate this behavior. While this data alone 
cannot definitely discard different Ni pre-catalysts operating via dis-
tinct pathways, we reasoned that a more likely scenario would be an 
initial divergence that evolves into a common dominant mechanism 
for all pre-catalysts. We envisioned that this hypothesis could be 
tested by analyzing the product enantioselectivities at early reaction 
time points.  

Figure 5. Enantioselectivity evolution through time for differ-
ent Ni pre-catalysts 

 
NiCl2 reaction conditions: NiCl2·glyme (0.030 mmol), BOX ligand L2 
(0.046 mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.004 mmol), K3PO4 (0.4 
mmol), aryl chloride 1a (0.2 mmol), and 4 mL of THF, 30 °C. NiBr2 reaction 
conditions: NiBr2·glyme (0.030 mmol), BOX ligand L2 (0.046 mmol), 
Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.004 mmol), K3PO4 (0.4 mmol), aryl bro-
mide 1b (0.2 mmol), and 4 mL of THF, 30 °C. (L2)Ni(COD) conditions: 
(L2)Ni(COD) I (0.030 mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (0.004 
mmol), K3PO4 (0.4 mmol), aryl chloride 1a (0.2 mmol), and 4 mL of THF, 
30 °C. All reported enantiomeric ratios were measured by chiral SFC from 
the isolated products. The error bars represent the standard deviation in e.r. 
for each data point from duplicate experiments. 

Figure 5 show the time-course of product enantioselectivities ob-
tained for the model aryl chloride 1a utilizing either NiCl2·glyme or 
(L2)Ni(COD) I as Ni sources. The NiCl2 reaction shows a steady 
enantioselectivity (82:18 e.r.) that is highly reproducible though dif-
ferent runs. In sharp contrast, the (L2)Ni(COD) I reaction displays 
a reproducible enantioselectivity evolution from a lower enantio-
control regime that asymptotes towards the enantioselectivity ob-
served for the NiCl2 reaction. Negligible variations in the product 
enantioselectivities were observed between the 4-hour time point 
and the overnight reactions depicted in Table 3. Finally, a control 
reaction adding 15 mol% COD to the NiCl2·glyme reaction was car-
ried out to discard a possible influence of the diene on enantioinduc-
tion, and no effect on product enantioselectivity was observed. 

We then tried to extend these experiments to the aryl bromide chem-
istry. The use of NiCl2 with aryl bromide 1b yields a higher initial 
enantioselectivity (77:23 e.r. after 15 min) that quickly evolves into 
a steady 62:38 e.r. (see SI, Figure S3). This behavior is probably as-
sociated with the initial competition of chloride and bromide halo-
gens as Ni ligands. Furthermore, the stability of the e.r. from 4 h on-
wards is at odds with the ligand degradation hypothesis for the lower 
e.r. for aryl bromides relative to aryl chlorides, as a constant decrease 

in enantioselectivity would have been expected in that case.  

To avoid complications related to the presence of multiple halides at 
the beginning of the reaction, NiBr2·glyme was tested as the pre-cat-
alyst. As shown in Figure 5, a steady product enantioselectivity was 
observed when using NiBr2·glyme in conjunction with aryl bromide 
1b, with minimal enantioselectivity erosion observed over time. The 
time course of the (L2)Ni(COD)-mediated reaction with 1b again 
showed a different behavior from that obtained for the Ni(II) sys-
tem. In this case, the enantioselectivity obtained initially is similar to 
the (L2)Ni(COD) aryl chloride system and later evolves asymptot-
ically towards the lower values observed when using NiBr2·glyme. 

These results suggest the presence of a competing pathway that is 
more relevant when Ni(0) complex I is in higher concentration. The 
asymptotic evolution of the enantioselectivity through time suggests 
a switch to a different predominant mechanism as the reaction pro-
ceeds, which can otherwise be directly accessed when utilizing NiCl2 
as the pre-catalyst. The stoichiometric experiments (Table 2) and 
MLR modeling (Figure 2b) presented earlier strongly support that 
THF radical trapping by Ni(II) complex II is the predominant 
mechanism as the reaction progresses. We reasoned that the initial 
behavior observed with Ni(0) pre-catalysts could be rationalized by 
free radical trapping by other Ni species that are quickly formed and 
are prevalent at early time points. When compared to the Ni(II)-
initiated reactions, Ni(0)-initiated reactions consistently show less 
divergent enantioselectivity values between aryl chloride and bro-
mide reactions (Table 3). These effects, together with the matching 
enantioselectivity at early time-points for both halide systems (Fig-
ure 5), suggests that the mechanism accessed utilizing Ni(0) pre-cat-
alysts is agnostic of the halogen. 

The direct trapping of the THF radical by Ni(0) complex I, which 
can lead to product formation via oxidative addition into the aryl hal-
ide and subsequent reductive elimination (Pathway A, Figure 6b), 
would be the simplest explanation for this data.18 However, we de-
cided to further investigate if other Ni species could be formed suffi-
ciently quickly and have lower activation barriers to product for-
mation to account for this initial behavior. 

Fast comproportionation and disproportionation events for Ni com-
plexes are well established.2 Thus, we wondered if these processes 
would be fast enough to be relevant to the initial divergent pathway 
observed for the Ni(0) THF arylation chemistry. To test this hy-
pothesis, a series of EPR measurements were performed using the 
ubiquitous dtbbpy ligand for facilitating more straightforward com-
parisons with the literature values.2, 8c We started our investigation by 
mixing a THF solution of dtbbpy and Ni(COD)2 with another THF 
solution containing aryl chloride 1a. Both solutions were injected at 
the same time directly in the EPR tube. The resulting mixture was 
subsequently frozen with liquid N2 after 10 seconds (no light irradi-
ation nor photocatalyst were included in this experiment). A strong 
EPR signal characteristic of Ni(I) formation was observed (Figure 
6a).2, 8c We then repeated the same procedure for aryl bromide 1b, 
and a Ni(I) signal was again obtained (see SI, Figure S8). This ex-
periment was repeated with 1-bromo-4-fluoro-2-methylbenzene 
and 1-chloro-4-fluoro-2-methylbenzene to reduce the rate of oxida-
tive addition and biaryl formation. Under these conditions, the for-
mation of Ni(I) complexes was also observed (see SI, Figures S9 and 
S10). Finally, for comparison, additional spectra mixing the same 
dtbbpy/Ni(COD)2 solution with solutions of dtbbpy and 
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NiCl2·glyme or NiBr2·glyme and the isolated 1-bromo-4-fluoro-2-
methylbenzene (dtbbpy)Ni aryl bromide oxidative addition com-
plex2a were measured (see SI, Figures S5-S6, and S10). These con-
trols are known to readily yield Ni(I) halide complexes. The same 
general features characteristic of Ni(I) species were observed in all 
of the spectra, with subtle differences arising for the different arenes 
and halides used (see SI for details). 

When mixing a Ni(0) source with aryl halides, oxidative addition will 
readily occur to yield Ni(II) complex II (Figure 6b). Complexes I 
and II are not EPR active and cannot account for the observed sig-
nals, which are characteristic of Ni(I) complexes. The formation of 
the Ni(I) complexes observed by EPR is proposed to arise from a 
comproportionation between I and II, which would yield interme-
diates III and IV (see blue arrows in Figure 6b).  

Figure 6. Alternative accessible pathways at higher Ni(0) con-
centrations 

 
EPR reaction conditions: Ni(COD)2 (0.0125 mmol), dtbbpy (0.0125 
mmol), aryl chloride 1a (0.125 mmol) and 0.5 mL of THF, frozen after 10 s. 
Temperature = 77 K, solvent = THF, microwave frequency = 9.501 GHz, 
microwave power = 2 mW, modulation amplitude = 8.0 G, modulation fre-
quency = 1 mT/100 kHz. The simulation was performed using Simultispin19 
for Easyspin in MATLAB. The simulated spectrum uses the following pa-
rameters: g = [1.989, 2.004, 2.005], g = [1.885, 2.114, 2.208]. 

These mixing experiments demonstrate that four different Ni com-
plexes (I-IV) are readily accessed solely by thermal pathways when 
mixing Ni(0), dtbbpy, and aryl chlorides or bromides. Additionally, 
it should be noted that for reactions starting from oxidative addition 
intermediate II, Ni(0) complex I and Ni(I) complex III have also 
been shown to be accessible under photochemical conditions.2f-h, 5 
Thus, multiple pathways to these intermediates can be envisioned. 

Figure 6b details each of the possible pathways to THF arylation 
product that would arise from the trapping of the THF radical by dif-
ferent Ni species detected, or likely to be present, in solution at early 
time points. The product generation that originates from the THF 
radical trapping by II, the dominant pathway at later timepoints or 
when starting from NiCl2, is not featured in this figure for simplicity.  

Pathways A and B were envisioned as possible product formation 
manifolds that are relevant to consider at early time points (Figure 
6b). Pathway A involves radical trapping by Ni(0) complex I, fol-
lowed by subsequent oxidative addition of ArX and reductive elimi-
nation to generate product. This pathway is reminiscent of the 
mechanism proposed by the Kozlowski and Molander groups in the 
enantioselective arylation of benzylic trifluoroborate salts under Ni-
photoredox conditions utilizing aryl bromides.18 Pathway B involves 
reductive elimination from Ni(II) complex VII, which Doyle has re-
cently proposed to be a photochemically induced step.5, 15b, 20 Inter-
mediate VII can potentially be accessed via two different routes: (1) 
THF radical trapping by Ni aryl complex IV (which was implicated 
by EPR), or (2) disproportionation of V and IV (blue arrows, Figure 
6b). Finally, the THF radical could be trapped by Ni(I) halide III, 
also implicated as present in solution by the EPR studies, to render 
Ni(II) intermediate VI. This intermediate can also be accessed by 
the addition of the THF radical to the Ni(II) dihalide. The resulting 
Ni(III) THF dihalide complex could subsequently either undergo 
reductive elimination to yield halogenated THF (not detected) or 
intermediate VI via comproportionation with a Ni(I) complex. 
However, the only pathways to product from VI require additional 
steps that funnel back through either Pathway A or B. 

To achieve product formation via Pathway A, oxidative addition of 
V into the aryl halide would have to outcompete disproportionation 
(with either Ni(I) species III or IV, Figure 6b). Based on prior Ni(I) 
oxidative addition rate studies, which show more sluggish reactivity 
for aryl chlorides,1d, 1g, 2e, 21 Pathway A will be less favorable for aryl 
chlorides than aryl bromides. Notably, unlike Pathway A, Pathway B 
does not directly involve any intermediate containing a halide. 
Therefore, the simplest possible explanation for the observed match-
ing e.r. at the initial time point (~68:32 e.r., Figure 5) is that Pathway 
B is dominant for product generation for both aryl chloride and bro-
mide substrates at early time points. 

So far, this paper has focused on the analysis of the Ni species that 
may be involved in the radical trapping event, whereas the THF rad-
ical generation mechanism has not been discussed. Our main as-
sumption during these studies is that the radical generation and trap-
ping events may be studied separately, which would not hold true if 
an in-cage formation and fast trapping of the THF radical were the 
main pathway. To challenge this hypothesis, which was initially pro-
posed in the seminal report by Doyle,3a the Doyle lab recently con-
ducted stoichiometric experiments that showcase the low efficiency 
of such a pathway.5 Therefore our assumption is valid, and we can 
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move on from radical trapping to identifying relevant Ni species in-
volved in THF radical formation.  

The photolysis of the different reaction intermediates that are gen-
erated under these conditions has been extensively studied.2b, 2f-h, 5, 8, 

22 Given the low concentration in solution of the excited photocata-
lyst, it is most likely that the photoinduced radical generation step 
will preferentially involve a Ni intermediate that is present in high 
concentration in solution. In line with this, most reports have fo-
cused on understanding the photolysis of different Ni(II) interme-
diates, which are the resting states for most Ni-photoredox reactions. 
We are not implying that other photolysis pathways involving Ni 
complexes in other oxidation states are not at all viable, but the lower 
likelihood of those events would render those pathways minor. Fi-
nally, in agreement with the reported stoichiometric studies by the 
Hadt and Doyle groups,2b, 2f-h, 5 an energy transfer process to a Ni(II) 
intermediate is most likely.22 This is consistent with the reactivity we 
observed without photocatalyst for the aryl bromide reaction when 
a higher energy wavelength was employed (Table 1, entry 6).  

Under our reaction conditions, three Ni(II) complexes may be pre-
dominant and undergo energy transfer with the photocatalyst:  

 (1) Complex VII, which would render the final product upon 
energy transfer (as previously mentioned, this is believed to be the 
pathway favored at high Ni(0) loading). 

 (2) Complex II, which has been shown to cleave the aryl moiety, 
not the halogen ligand, when excited.2b, 2f-h, 5 Considering the solvent 
concentration of THF in our reaction, a fast HAT process to gener-
ate the THF radical and the reduced arene would be expected. If this 
were the main THF radical-formation pathway, considering that the 
aryl halide is the limiting reagent, a maximum yield of 50% would be 
obtained. This is not the case and the reduced arene is not a major 
byproduct, although it is observed in higher amounts when starting 
from Ni(0) pre-catalysts. For the model reaction utilizing 1a, 6% 
yield of the reduced arene was measured by 1H NMR when 
(BOX)Ni(COD) was used and no reduced arene was detected 
when starting from NiCl2·glyme. This suggests that the photolysis of 
II leading to the THF radical generation pathway becomes more rel-
evant when using a Ni(0) pre-catalyst. Another byproduct observed 
only when (BOX)Ni(COD) was used is the homo-coupled biaryl, 
which is also known to be generated at high concentrations of II via 

transmetallation (11% is obtained under these conditions, con-
trasting again with none being observed when NiCl2·glyme is used). 
These results are not surprising considering the faster formation of 
II under the (BOX)Ni(COD) reaction conditions (see Figure 6b). 

 (3) Finally, the Ni(II) dihalide is both the starting pre-catalyst 
and a stable intermediate that has been shown to be the resting state 
of multiple Ni-photoredox systems.1d, 1g Because of the ubiquity of 
these intermediates, the study of their photolysis is very well-docu-
mented and has been shown to be accessible via energy transfer us-
ing Ir[dF(CF3)ppy]2(dtbbpy)PF6.2b, 2f-h, 5, 8, 22  

With all this information in hand, the proposed mechanism is de-
picted in Figure 7. Starting from the Ni(II) pre-catalyst VIII, an en-
ergy transfer from the excited photocatalyst will yield the halogen 
radical that facilitates the C–H cleavage to generate the α-oxygen 
THF radical.22 This photolysis will also render Ni(I) halide (III), 
which can undergo oxidative addition into the aryl halide (1) to yield 
the highly reactive Ni(III) complex IX. A direct photolysis of IX to 
yield Ni(II) intermediate II could be envisioned. However, although 
this may be thermodynamically feasible,3b the reduced photon avail-
ability together with the fast kinetics of disproportionation in the 
presence of Ni(I) complexes makes the latter (III + IX → II + VIII) 
a more likely pathway.2b-e At this stage, the THF radical generation 
cycle can resume and Ni(II) intermediate II has been formed. The 
stoichiometric experiments detailed in Table 2, along with the uni-
fying MLR model that captures the catalyst features driving enanti-
oinduction for both aryl bromides and chlorides together (Figure 
2b), both support complex II is involved in the dominant THF rad-
ical trapping event.14 These experiments highlighted how the diver-
gence in enantioselectivity observed when changing the halide (Fig-
ure 2a) can be explained by the different properties of II bearing ei-
ther a chloride or a bromide. This radical trapping event leads to the 
formation of intermediate X, which is poised to readily undergo re-
ductive elimination and yield arylated product 2.  

Additionally, this mechanism is also consistent with the initially 
higher enantioselectivity observed when using NiCl2·glyme as the 
pre-catalyst with aryl bromide substrates. During the initial turno-
vers, the NiCl2 pre-catalyst is expected to first bind to the BOX lig-
and to form VIII, where both halogens would be chlorides. Photol-
ysis of this intermediate yields III (X = Cl), which, after oxidative  

Figure 7. Proposed mechanistic dependence on Ni pre-catalyst and time 
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addition and disproportionation, would lead to the formation of 
Ni(II) intermediate II as a mixture of (BOX)Ni(Ar)(Cl) and 
(BOX)Ni(Ar)(Br). The presence of the (BOX)Ni(Ar)(Cl) would 
lead to product formation with higher enantioselectivity than that 
formed from the bromide adduct (Table 2). As the reaction pro-
ceeds, the ratio of bromide to chloride ions will quickly increase and 
the reactivity becomes dominated by the (BOX)Ni(Ar)(Br) com-
plex and the accompanying lower levels of enantioenrichment ob-
served (Table 2, entries 1 and 2). Indeed, when eliminating the com-
plexity of competing halides by initiating the aryl bromide reaction 
using NiBr2·glyme, we observed the expected lower e.r. throughout 
the reaction (Figure 5, red circles). 

It is proposed that this is the dominant pathway when starting from 
NiCl2·glyme and that also becomes prevalent after a short period 
when starting from (BOX)Ni(COD). The pervasiveness of this 
pathway is thought to be related to the higher stability of II and VIII. 
Additionally, these intermediates can be accessed via multiple dis-
proportionation and comproportionation pathways,2a-e and thus are 
likely to be the Ni resting states during the reaction, from which rad-
ical trapping and generation can most readily occur. This dominant 
pathway is consistent with the mechanistic investigation recently re-
ported by the Doyle lab, which proposes the black and green cata-
lytic cycles (Figure 7) based on a different set of experiments that 
does not include an enantioselectivity readout.5 No alternative path-
ways depending on the Ni source, or evolution of the mechanism 
over time, are proposed in that report. 

However, our enantioselectivity data from the crossover experi-
ments highlighted a discrepancy in the mechanism when starting 
from Ni(II) complex II (Figure 4). A dependence of enantiocontrol 
on the Ni source was again observed when utilizing 
(BOX)Ni(COD) as the pre-catalyst (Table 3), which showed a 
modest effect that was magnified when analyzing the product enan-
tioselectivity at early time points (Figure 5). Leveraging EPR analy-
sis showing III and IV to be thermally accessible when mixing Ni(0) 
and aryl halides 1a or 1b (Figure 6a), two feasible pathways were 
identified to account for this behavior (Figure 7, blue cycle). The di-
rect trapping of the THF radical by Ni(0) I18 yields Ni(I) complex 
V, which is prone to disproportionation (blue arrows, Figure 6b). 
Concurrently, the trapping of the THF radical by IV may also be in-
volved in the formation of VII. At this stage, direct reductive elimi-
nation is likely slow, but can be accelerated by energy transfer from 
the excited photocatalyst. 5, 15b, 20, 22  

CONCLUSION  
In summary, the development of an asymmetric variant of the Ni-
photoredox THF arylation is described. Intriguing discrepancies in 
the product enantioselectivity were observed when switching from 
aryl chlorides to bromides and when changing the Ni pre-catalyst 
from NiCl2·glyme to (BOX)Ni(COD). To explain this unexpected 
behavior, this paper presents a series of stoichiometric experiments, 
time course analyses of product enantioselectivity, EPR analysis of 
different reaction component mixtures, and a unifying MLR model 
correlating enantioselectivity with the properties of a key Ni inter-
mediate. These experiments highlighted the presence of a dominant 
mechanism, where Ni(II) aryl halide complex II traps the THF rad-
ical and leads to product formation. This dominant mechanism is 
operative from the outset when using NiCl2·glyme, and also 

becomes prevalent after a short period of time when using 
(BOX)Ni(COD) as the pre-catalyst.  

Notably, a different manifold observed in the initial reaction stages 
when using (BOX)Ni(COD) is uncovered, thereby highlighting the 
potential for subtle mechanistic inquiries using the approach de-
scribed in this paper. Thus, this work showcases a complex mecha-
nistic landscape for the asymmetric THF arylation reaction that is 
common for aryl chlorides and bromides but diverges when chang-
ing the Ni pre-catalyst. It is believed that this intricate mechanistic 
picture is not unique to this Ni-photoredox reaction and that the ap-
proach utilized in this paper will help inform the study of other re-
lated systems. 
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Model for ArBr and ArCl reactivity together: Evolution to dominating mechanism: ArBr & ArCl

Prevalent THF Arylation Pathway Relevant Initial Behavior Using Ni(COD)2
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