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ABSTRACT: This manuscript details the development of an asymmetric variant for the Ni-photoredox a-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 on both the halide identity (aryl chloride vs. bromide substrates) and the Ni source was observed. 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(Il) 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.

mechanisms and suggested that the halide atom could be involved in

INTRODUCTION
Nickel photoredox catalysis is a fast-developing field which has been

the enantioselectivity-determining step (Figures 1a and 1b).***

A series of stoichiometric experiments and time course analyses of

. ) o . .
shown to enable a wide variety of transformations.” Contrasting with the reaction enantioselectivity with different Ni sources were then

the fast pace of reaction discovery, mechanistic understanding of performed. These studies suggested that different mechanisms were

these systems has proven more challenging, largely owing to the re- favored in the initial reaction stages depending on the Ni source,

dox promiscuity of Ni. Indeed most Ni photoredox protocols are with these pathways evolving into a common dominant manifold as

dominated by concurrent side reactions of comproportionation, dis- the reaction progresses. Specifically, a Ni(II) aryl halide intermedi-

proportionation, and photolysis that enable the fast interchange be- ate was implicated as the species trapping the carbon-centered radi-

1 2 . . o
tween several oxidation states.” In this paper, the identification of a cal in most scenarios (Figure 1c). Alternatively, when using
Ni(COD) as the pre-catalyst, the intermediacy of a different Ni(1I)
species bearing both aryl and THF ligands was found to prevail at

the initial reaction stages (Figure 1d). Notably, Ni(COD),was the

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 a-arylation pre-catalyst used in the seminal aryl chloride report.”

of tetrahydrofuran (THF), where photolysis of a Ni intermediate

was proposed to be responsible for the radical generation that facili- Figure 1. Proposals for the THF radical trapping event

tates the C-H cleavage. This mechanistic manifold has been lever- a) ArCI: In-cage trapping (Doyle 2016) } b) ArBr: Free radical trapping (Molander 2016)
aged in other transformations,” and was first reported by Doyle and (dtbbpy)Niar ] * (dtbbpy)Ni— Ar (dtbbpyNi= A"
Molander in the context of the THF arylation reaction that we are [ OQ ] O o
studying.** These seminal reports used achiral bipyridine ligands, : "o

and we became interested in investigating if this reactivity could also ¢) This work’s proposal for both ArCl and ArBr d) Observed initially for Ni(COD),

be achieved with a chiral ligand system to render this transformation

X M Ar : M Ar
. . . . L BOXNIZZ)y ———> (BOXINI : BOX)NIZ
enantioselective. During our investigations an unexpected depend- (BOON=4r (808 \VD : s (0%
. . . S . (0] H ia O
ence of the product enantiomeric ratio (e.r.) on halide identity was o 5 mjﬁgﬁf:th‘xzys

observed when switching from aryl chloride to aryl bromide sub-

strates. This data was inconsistent with the previously proposed For: dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine , Ar = aryl, X = Cl or Br,
BOX = bisoxazoline, and COD = 1,4-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.* 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(1I) aryl hal-
ide complexes, which were utilized for key stoichiometric experi-
ments. In contrast to bipyridine-ligated Ni complexes, BOX-ligated
complexes present a challenging synthesis with limited known exam-
ples.® Finally, multivariate linear regression (MLR) models are pro-
vided that further support the proposed mechanism and identify
structure-selectivity relationships between ligand properties and en-
antioselectivity.

RESULTS AND DISCUSSION

The reaction between THF and methyl 4-chlorobenzoate (1a) was
chosen as a model system to study the enantioselective a-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 and methylene
bridge substitutions on both yield and enantioselectivity was ob-
served. However, it was unclear based on solely chemical intuition
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 possi-
ble chiral ligand candidates in order to identify those that perform as
desired. Instead, to expedite the ligand optimization campaign, MLR
models were developed to analyze the results and guide subsequent
targeted experimentation.’ An iterative process of ligand synthesis
and model refinement eventually converged in the identification 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 S). No reaction was ob-
served for aryl chloride 1a in the absence of PC when a higher energy
wavelength of light was used. But interestingly, when using aryl bro-
mide 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). This result will be discussed in
detail later in this manuscript. Finally, further optimization of the re-
action conditions highlighted that both yield and enantioselectivity
could be improved by lowering the temperature (entry 7; for a con-
cise scope exploration, please see SI Figure S2).

Table 1. Reaction optimization
NiCly-glyme (15 mol%)

X
[ . \©\ ligand (23 mol%) Q@\
(@) Ir(dtbb PFg (2 mol%
CO,Me  LIr(dtobpy)(ppy)olPFs o) CO,Me

1a: X =ClI K3POy4 (2 eq), 427 nm LED

1b: X =Br 30°C, 18 h

o%o OWX(O O\Xro O\ero :
Uy Uy iy i
E iPr L1 “Pro B L2 Bn  BA L3 ;Bn Bn L4 "Bng
‘Entry ligand Other variations Arciel T Al

1 L1 none 30%, 75:25 e.r. 25%, 61:39 e.r.

2 L2 none 40%, 82:18 e.r. 30%, 62:38 e.r.

3 L3 none 33%, 80:20 e.r. 25%, 65:35 e.r.

4 L4 none 40%, 86:14 e.r. 20%, 57:43 e.r.

5 L4 No light, PC, or Ni nd. nd.

6 L4 No PC, 390 nm light nd. 32%, 76:24 e.r.

7 L4 10 °C 63%, 89:11 erPl  33%,79:21 e.rldl

8 L2 Ni source: NiBr,-glyme 23% 71:29 e.r. 52%, 56:44 e.r.

Reaction conditions: NiCl-glyme (0.01S mmol), BOX ligand (0.023
mmol), [Ir(dF(CFs)ppy)2(dtbbpy)]PFs (0.002 mmol), KsPO4 (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
'"H NMR (n.d. = not detected). [b] Yield of the isolated product after 48
h, with the photocatalyst added portion-wise. [c]
[1r(dF(CFs)ppy)(dtbbpy) ]PFs (0.000S 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 NiCL to NiBr. (entries 8 and 2). As shown in
Figure 2a, no apparent correlation of the reaction enantioselectivity
between the aryl bromide and aryl chloride was observed when using
the same BOX ligands. Three hypotheses can explain these results:

(1) The lower enantioselectivities observed in the aryl bromide
reaction could be due to a chiral ligand degradation; time course
experiments to investigate this hypothesis will be detailed later in
the manuscript.

(2) The aryl chloride and bromide reactions may undergo differ-
ent mechanisms.

(3) Both reactions follow analogous mechanisms, but a halogen
atom is bonded to Niwhen 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
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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 rad-
ical.

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,” MacroModel®) gave representative ensembles of energet-
ically accessible conformers (<S kecal/mol). These low energy Ni
conformers were subjected to DFT geometry optimization, fol-
lowed by single-point calculations to obtain energies and properties
(M06-D3/def2tzvp-SDD[Ni]-SMD[THF] // B3LYP-D3BJ/6-
31G**-lanl2dz[Ni] level of theory).

A forward stepwise algorithm was used to identify MLR models that
would capture both aryl chloride and aryl bromide enantioselectivity
trends.® As shown in Figure 2b, a statistically robust model was found
that correlates the measured enantioselectivities with the computed
properties of the (BOX)Ni aryl halide complexes. The validity of the
model is highlighted by its high leave-one-out (LOO) Q’ value. No-
tably, despite the large amount of withheld data (40% test:training
ratio), excellent predictions for the test set were also obtained as in-
dicated by the test R value. The model robustness was independent
of the test/training splitting algorithm used (see SI for more details).

Figure 2. Enantioselectivity changes and MLR model for aryl
chlorides vs aryl bromides
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a) Comparison of the enantioselectivities obtained for 1a vs 1b utilizing
the same ligand. b) MLR model expressing the enantioselectivities ob-
tained for 1a and 1b in terms of properties of the (BOX)Ni aryl halide
complexes hypothesized to be involved in product formation. 40%
test:training split with y-equidistant algorithm. All reported values are
enantiomeric ratios measured by chiral SFC from the isolated products.

This model includes two parameters related to the three-dimen-

sional structure of the complex: one describing the average of

dihedral angles around the Ni center (a,Buv5), and another describing
the oxazoline core (y). Additionally, the model contains two de-
scriptors of the phenyl ring, one measuring the minimum C-C dis-
tance among the carbons of the aromatic system and another meas-
uring the partial charge according to the natural bonding orbital
analysis (NBO) at the ortho-hydrogens. It is hypothesized that these
two parameters are an indirect measurement of non-covalent inter-
actions between the BOX ligand and the arene. Notably, no clear
classifier parameter that differentiates chlorides and bromides is in-
cluded in this model.

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 will be generated independently in the presence of different
Ni(II) aryl halide BOX complexes. The objective of these experi-
ments is to compare the enantioselectivity data obtained from stoi-
chiometric and catalytic experiments to further probe the possible
involvement of the Ni(II) oxidative addition complex in the enanti-
oselectivity-determining step. If the enantioselectivity values ob-
tained 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. Fur-
thermore, this approach would allow us to study both the aryl chlo-
ride and aryl bromide reactions separately and challenge the com-
mon 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."® This is especially
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 complexes
have been reported, and the synthesis of BOX-Ni aryl chloride com-

plexes was unknown.” !

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).° The use of pentane as the
solvent was found to be key for obtaining the (BOX)Ni(COD) ad-
duct (I), as this enabled separation of free 1,4-cyclooctadiene
(COD) by filtration.> "' At this stage, previously reported proce-
dures proceeded without any further purification. However, when
we aimed to telescope this crude mixture by exposing it to aryl hal-
ides, the desired Ni(II) complexes were obtained in low yields and
our attempts to purify them were intractable. It was found that a sub-
sequent ether wash could be used to separate the desired Ni(0) pre-
cursor I from any remaining unreacted Ni(COD): (see SI for de-
tails). This purified Ni(0) complex then allowed us to synthesize a
series of Ni aryl bromides (II-Br) and aryl chlorides (II-Cl) via oxi-
dative 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-Brl) were obtained. The structure of II-Br2 was
unambiguously established by X-ray single crystal diffraction, reveal-
ing a distorted square planar geometry (Figure S14). The slower ox-
idative addition of the aryl chloride prevented us from isolating the
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Ni(II) complex for the model substrate due to competitive biphenyl
formation. However, ortho-substituted arenes, which reduced the bi-
molecular transmetallation processes that lead to biphenyl for-
mation, were amenable to this synthetic pathway (II-CI1 and II-
C2).

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

L2 (1e

Ni(COD), —Femane.n,30min__ - gnynicop)

1.0eq |

ArBr (10 eq)
Et,Ort, 4 h

ArCl (40 eq)
pentane rt, 10 h

fe93]
e

R2 R?
II-Br1: For R' = H; R?= CO,Me II-C: For R?=F
1I-Br2: For R' = Me; R2=F 1I-CI2: For R =CO,Me

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.
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."”” 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

{BuO-OtBu (2 eq.)

o i
[©) Bn K3PO, (2 eq.) R
at blue LED, 18 h, 30°C X
R~/ Il
(1eq)
Entry Aryl halide Catalytic data Stoichiometric data
Br
; \©\ 62:38 e.r. 62.5:37.5¢e.r.
26% yield, 47% yield
COMe (26% yield) (47% yield)
Br
2 65:35 e.r. 63.5:36.5 e.r.
(16% yield) (60% yield)
F
Cl
3 80.5:19.5 e.r. 81.5:18.5e.r.
(4% yield) (17% yield)
E
Cl
. Ij\ 8515 exr. 845155 e.r.
21% yield 56% yield
COMe (21% yield) (56% yield)

Stoichiometric reaction conditions: (L2)NiArX (0.05 mmol), (t-BuO)»
(0.1 mmol), KsPO4 (0.2 mmol), and 2 mL of THF, 30 °C. Catalytic re-
action conditions (Figure 2): NiCl.-glyme (0.01 mmol), BOX ligand
(0.015 mmol), [Ir(dF(CFs)ppy)2(dtbbpy)]PFs (0.002 mmol), KsPO4
(0.2 mmol), aryl chloride 1a (0.1 mmol) or aryl bromide 1b (0.1 mmol),
and 2 mL of THEF, 30 °C. All reported enantiomeric ratios were meas-
ured by chiral SFC from the isolated products.

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

experiments led to product formation in higher yields than the cata-
Iytic 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
0y X0
)
N, /N /
Bn N' Bn
Cl
MeO,C || CI2 (15 mol%)
[Ir] (2 mol%), KsPO,
THF, blue LED, 30°C CO,Me CO,Me
CO,Me
48%; 78 22eur. not detected
% (w/ NiCly; 82:12 e.r.)
Br
F 11-Br2 (15 mol%)
[Ir] (2 mol%), K3PO,
THF, blue LED, 30°C CO,Me
CO,Me 2c
40%; 61 39eur. not detected
j><( (W/ NiCly; 62:38 e.r.)
Br
MeO,C” 11-Br1 (15 mol%)
[Ir] (2 mol%), KsPO,
THF, blue LED, 30°C CO,Me
F 16%; 6733er 5%; 6832er
(W/ NiCly; 65:35 e.r.)  (w/ NiCly; 62:38 e.r.)
Reaction  conditions: ~ (L2)Ni(ArX) II (0.0l  mmol),

[Ir(dF(CFs)ppy)2(dtbbpy) ]PFs (0.002 mmol), KsPO4 (0.2 mmol),
aryl chloride 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 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-
CI2 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.* 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,* 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.
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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-CI2 (78:22 e.r.) instead of NiCL, (82:18
er.) 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-Brl vs
62:38 with NiCL).

The different enantioselectivities observed when utilizing NiCl, 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); as the pre-catalyst.

The direct use of Ni(COD)z 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(Il) source to using
Ni(COD), 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

Ni source (15 mol%)

X
{ \ \©\ ligand (23 mol%) Q@\
0 [Ir(dtbb 1PF (2 mol%
CO,Me (Popy()z(ppy)z 6 o) COMe

1a: X=Cl ), 427 nm LED

1b: X = Br 30°C, 18 h 2
Entry Aryl halide, ligand NiCly+glyme (BOX)Ni(COD)
1 1a,L2 (fgci/lfi,g&j) (gg‘i/foyizlz)
2 1a, L4 (gg;;t,i;z) (%1%1 )?ieel.(;-)
3 1b, L2 (3632{}&5) (36;‘5@;]:&)
4 1, L4 (0% yiel) (10% i

NiCl, reaction conditions: NiCl-glyme (0.015 mmol), BOX ligand
(0.023 mmol), [Ir(dF(CFs)ppy)2(dtbbpy)]PFs (0.002 mmol), KsPO4
(0.2 mmol), aryl chloride 1a (0.1 mmol) or aryl bromide 1b (0.1 mmol),
and 2 mL of THF, 30 °C. Ni(COD), reaction conditions:
(BOX)Ni(COD) I (0.015 mmol), [Ir(dF(CFs)ppy)(dtbbpy)]PFs
(0.002 mmol), KsPO4 (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 enantio-
meric ratios were measured by chiral SFC from the isolated products,
and yields were calculated via "H NMR of the crude reaction mixtures.

Intrigued by this modest but consistent enantioselectivity depend-
ence on Ni pre-catalyst, and given that Ni(COD ), was the Ni source
utilized in the seminal report for the aryl chloride THF arylation,™
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 S. Enantioselectivity evolution through time for differ-
ent Ni pre-catalysts
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NiCl reaction conditions: NiCl-glyme (0.030 mmol), BOX ligand L2
(0.046 mmol), [Ir(dF(CFs)ppy)2(dtbbpy)]PFs (0.004 mmol), KsPO4
(0.4 mmol), aryl chloride 1a (0.2 mmol), and 4 mL of THF, 30 °C.
Ni(COD), reaction conditions: (L2)Ni(COD) I (0.030 mmol),
Ir(dF(CFs)ppy)2(dtbbpy) ]PFs (0.004 mmol), KsPO4 (0.4 mmol), aryl
chloride 1a (0.2 mmol), and 4 mL of THF, 30 °C. All reported enantio-
meric ratios were measured by chiral SFC from the isolated products.
The error bars represent the standard deviation in e.r. from duplicate ex-
periments for each data point.

Figure 5 show the time-course of product enantioselectivities ob-
tained for the model aryl chloride 1a utilizing either NiCl.-glyme or
Ni(COD): as Ni sources. The NiCl reaction shows a steady enanti-
oselectivity (82:18 e.r.) that is highly reproducible though different
runs. In sharp contrast, the Ni(COD). reaction displays a reproduc-
ible enantioselectivity evolution from a lower enantiocontrol regime
that asymptotes towards the enantioselectivity observed for the
NiCl reaction. Minimal variations in the product enantioselectivi-
ties 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 NiCl,-glyme reaction was carried out to discard a
possible influence of the diene on enantioinduction, and no effect on
product enantioselectivity was observed.

We then tried to extend these experiments to the aryl bromide chem-
istry. The use of NiCl, 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, Table S13). 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.

In trying to avoid complications related to the presence of multiple
halogens at the beginning of the reaction, NiBr»-glyme was tested as
the pre-catalyst. Unfortunately, the use of 1b with either
NiBr,-glyme or Ni(COD) led to irreproducible data at the early re-
action stages. We speculate that these complications are due to the
higher rate of radical formation related to the faster bromo cleavage
from Ni complexes. Nevertheless, the feasibility of accessing
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different pathways under different conditions for the aryl bromide
chemistry is still clear from the significant range in enantioselectivity
obtained for 2a when maintaining the same ligand (57:43 to 76:24
e.r. with L4, as shown in Table 1, entries 4 and 6; and 62:38 to 68:32
with L2, as shown in Figure 4).

These results suggest the presence of a competing pathway that is
more relevant when Ni(0) complexIis 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 NiCl
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.

The direct trapping of the THF radical by Ni(0) complex I, which
canlead to product formation via oxidative addition into the aryl hal-
ide (Pathway A, Figure 6b), would be the simplest explanation for
this data."” However, we decided to further investigate if other Ni
species could be formed fast enough and have lower activation bar-
riers to product formation to identify all possible pathways that
could account for this initial behavior.

Fast comproportionation and disproportionation events for Ni com-
plexes are well established.” 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.”* We started our investigation by
mixing a THF solution of dtbbpy and Ni(COD ), 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 N 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).* We then repeated the same procedure for aryl bromide 1b, a
Ni(I) signal was again obtained (see SI, Figure S6). This experiment
was repeated with 1-bromo-4-fluoro-2-methylbenzene and 1-
chloro-4-fluoro-2-methylbenzene to reduce the rate of oxidative ad-
dition and biaryl formation. Under these conditions, the formation
of Ni(I) complexes was also observed (see SI, Figures S7 and S8).
Finally, for comparison, additional spectra mixing the same
dtbbpy/Ni(COD). solution with solutions of dtbbpy and
NiCL-glyme or NiBr.-glyme were measured (see SI, Figures S3 and
S4). These are known to readily yield Ni(I) halide complexes. The
same general features were observed in all the spectra together with
a clear effect on the smaller features for the different arene and hal-
ides used.

When mixing Ni(0) sources I with aryl halides, oxidative addition
will readily occur to yield Ni(II) complex IT (Figure 6b). Complexes
Iand IT 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 ITI and IV (see blue arrows in Figure 6b).

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

a) EPR analysis of Ni(0) aryl chloride 1a mixture
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EPR reaction conditions: Ni(COD), (0.0125 mmol), dtbbpy (0.0125
mmol), aryl chloride 1a (0.125 mmol) and 0.5 mL of THF, frozen after
10s. Temperature = 77 K, solvent = THF, microwave frequency = 9.501
GHz, microwave power = 2 mW, modulation amplitude = 8.0 G, modu-
lation frequency = 1 mT /100 kHz. The simulation was performed using
Simultispin'* for Easyspin in MATLAB. The simulated spectrum uses
the following parameters: g = [1.98924, 2.00395, 2.00516].

These mixing experiments demonstrate that four different Ni com-
plexes are readily accessed solely by thermal pathways when mixing
Ni(0) and aryl chlorides or bromides. Additionally, it should be
noted that, for reactions starting from oxidative addition intermedi-
ate IT, Ni(0) complex I and Ni(I) complex III have also been shown
to be accessible under photochemical conditions.* 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 radical
trapping by II, the dominant pathway at later timepoints or when
starting from NiCl,, is not featured in this figure for simplicity.

A possible radical trapping by Ni(0) I complex can be foreseen and
is depicted in Pathway A (Figure 6b). This would yield Ni(I) alkyl
complex V, and subsequent oxidative addition into the aryl halide
followed by reductive elimination would then be required to yield
the final product. It should be noted that this pathway is reminiscent
of the mechanism proposed by the Kozlowski and Molander groups
in the enantioselective arylation of benzylic trifluoroborate salts

https://doi.org/10.26434/chemrxiv-2024-p2pxr-v2 ORCID: https://orcid.org/0000-0002-7713-1901 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-p2pxr-v2
https://orcid.org/0000-0002-7713-1901
https://creativecommons.org/licenses/by-nc-nd/4.0/

under Ni-photoredox conditions.”” The enantioselectivity-deter-
mining step of that reaction was shown to be the reductive elimina-
tion from a Ni(III) intermediate bearing the arene, bromide, and
benzyl ligands. This was the result of an equilibrium where the ben-
zyl radical reversibly comes on and off of this Ni(III) species. As a
result, an identical mechanism in our system would provide the same
enantioselectivity for Pathway A and the dominant product for-
mation from the trapping of the THF radical by II, as both would
yield the same Ni(III) intermediate.

In our system, the lower stability of the THF radical, when compared
to the benzylic radical of that study, will render analogous THF rad-
ical dissociation from a Ni(III) intermediate unfavorable. Further-
more, the more sterically crowded environment afforded by the
BOX and o-oxygen THF ligands would accelerate reductive elimi-
nation from this putative Ni(III) intermediate. This would mean
that the formation of the Ni(III) intermediate, whether via irreversi-
ble radical trapping from II or oxidative addition from V, is the en-
antioselectivity-determining step in our system. Resultingly, Path-
way A could still explain the dissimilar enantioselectivity observed
initially when starting from the Ni(0) pre-catalyst.

We propose that Pathway A is likely to be accessible for aryl bro-
mides. However, the oxidative addition of V into aryl chloride 1a
would be expected to be slow, hampered by the lower reactivity of
aryl chlorides when compared to aryl bromides.'* ® > ' Further-
more, to achieve product formation directly from this Ni(I) interme-
diate, oxidative addition would have to outcompete disproportiona-
tion (which would yield Ni(0) complex I together with Ni(II) VI or
VII; Figure 6b). It is thus hypothesized that Pathway A is unlikely
for the reaction with aryl chlorides, and that upon formation of V
disproportionation into VI and VII would occur preferentially
(Pathways A’ and A"). Possible product formation routes from these
intermediates are discussed below.

The trapping of the THF radical by the Ni(I) halide (III), impli-
cated as present in solution by the EPR studies, would render a more
stable Ni(II) intermediate (VI). However, the subsequent pathways
to product formation are unlikely. A reduction to yield V (Pathway
B) or a sterically congested transmetallation with II to form VII
would be required at this stage.

Finally, if the THF radical was trapped by the other Ni(I) species
implicated by the EPR studies, Ni aryl complex IV, a relatively stable
Ni(II) intermediate VII would be formed. As previously mentioned,
this intermediate is likely also being accessed from the dispropor-
tionation of V and IV (Pathway A”, Figure 6b). Direct reductive
elimination from this adduct is possible, but a photochemically in-
duced process is more likely, as proposed recently by Doyle (Path-
way C).»'" !¢ It is hypothesized that the formation of VII through
these two pathways is more prevalent at high Ni(0) concentrations
and leads to the observed enantioselectivity divergence at early time
points. Notably, these pathways are agnostic to the halide being
used, which would also explain why the initial levels of enantioselec-
tivity when using Ni(0) are comparable for both aryl chloride and
bromide reactions.

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

radical 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,* the Doyle lab recently con-
ducted stoichiometric experiments that showcase the low efficiency
of such a pathway.* Therefore our assumption is valid, and we can
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.”*** 7
Given the low concentration in solution of the excited photocatalyst,
it is most likely that the photoinduced radical generation step will
preferentially involve a Ni intermediate that is present in high con-
centration in solution. In line with this, most reports have focused on
understanding the photolysis of different Ni(II) intermediates,
which are the resting states for most Ni-photoredox reactions. We
are not implying that other photolysis pathways involving Ni com-
plexes 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

22604 gy energy transfer process to a Ni(II)

Hadt and Doyle groups,
intermediate is most likely. 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.”*"* 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 'H NMR when
Ni(COD), was used and no reduced arene was detected when start-
ing from NiCl.-glyme. This suggests that the photolysis of IT leading
to the THF radical generation pathway becomes more relevant
when using a Ni(0) pre-catalyst. Another byproduct observed only
when Ni(COD), was used is the homo-coupled biaryl, which is also
known to be generated at high concentrations of II via transmetalla-
tion (11% is obtained under these conditions, contrasting again with
none being observed when NiCl.-glyme is used). These results are
not surprising considering the faster formation of II under the
Ni(COD); reaction conditions (see Figure 6b).
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Figure 7. Proposed mechanistic dependence on Ni pre-catalyst and time
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(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.'® '8 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) ] PE2> 2417

With all this information in hand, the proposed mechanism is de-
picted in Figure 7. Starting from the Ni(II) pre-catalyst VIIL, an en-
ergy transfer from the excited photocatalyst will yield the halogen
radical that facilitates the C-H cleavage to generate the a-oxygen
THF radical. 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 IT could be envisioned. However, although
this may be thermodynamically feasible,™ the reduced photon avail-
ability together with the fast kinetics of disproportionation in the
presence of Ni(I) complexes makes the latter (IIT + IX » II + VIII)
a more likely pathway.”* At this stage, the THF radical generation
cycle can resume and Ni(Il) 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. 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.

It is proposed that this is the dominant pathway when starting from
NiCl-glyme and that also becomes prevalent after a short period
when starting from Ni(COD),. The pervasiveness of this pathway is
thought to be related to the higher stability of IT and VIII. Addition-
ally, these intermediates can be accessed via multiple disproportion-

2a-e

ation and comproportionation pathways,”* and thus are likely to be
the Ni resting states during the reaction, from which radical trapping
and generation can most readily occur. This dominant pathway is
consistent with the mechanistic investigation recently reported by

the Doyle lab, which proposes the black and green catalytic cycles
(Figure 7) based on a different set of experiments that does not

include an enantioselectivity readout.* No alternative pathways de-
pending 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 IT (Figure 4). A dependence of enantiocontrol
on the Ni source was again observed when utilizing Ni(COD): as
the pre-catalyst (Table 3), which showed a modest effect that was
magnified when analyzing the product enantioselectivity at early
time points (Figure 5). Leveraging EPR analysis showing ITI 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 direct trapping of the THF
radical by Ni(0) I'® yields Ni(I) complex V, which is prone to dis-
proportionation (Pathways A' and A", Figure 6b). Concurrently, the
trapping of the THF radical by IV may also be involved in the for-
mation of VIL At this stage, direct reductive elimination is likely
slow, but can be accelerated by energy transfer from the excited pho-
tocatalyst. #1916

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 NiClo-glyme to Ni(COD)s. To explain this unexpected behav-
ior, this paper presents a series of stoichiometric experiments, time
course analyses of product enantioselectivity, EPR analysis of differ-
ent reaction component mixtures, and a unifying MLR model corre-
lating enantioselectivity with the properties of a key Ni intermediate.
These experiments highlighted the presence of a dominant mecha-
nism, where Ni(II) aryl halide complex II traps the THF radical and
leads to product formation. This dominant mechanism is operative
from the outset when using NiCl,-glyme, and also becomes preva-
lent after a short period of time when using Ni(COD); as the pre-
catalyst.

Notably, a different manifold observed in the initial reaction stages
when using Ni(COD): is uncovered, thereby highlighting the po-
tential for subtle mechanistic inquiries using the approach described
in this paper. Thus, this work showcases a complex mechanistic
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landscape for the asymmetric THF arylation reaction that is com-
mon for aryl chlorides and bromides but diverges when changing the
Ni pre-catalyst. It is believed that this intricate mechanistic picture is
not unique to this Ni-photoredox reaction and that the approach uti-
lized in this paper will help inform the study of other related systems.
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