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ABSTRACT: Herein, the introduction of oxa- and azabenzonorbornadienes into photoredox/nickel dual catalysis in a
regioselective and diastereoselective transformation is disclosed. The inherent advantages of this dual catalytic system allow the
use of alkyl motifs forming exclusively cis-1,2-dihydro-1-naphthyl alcohol backbones using readily accessible 4-alkyl-1,4-
dihydropyridines (DHPs). Whereas previous studies have emphasized the use of nucleophilic organometallic coupling partners,
this protocol grants access to a rather unexplored core featuring alkyl residues, while avoiding the use of highly reactive
organometallic species (i.e., M = Al, Mg, Li, Zn, Zr). Density functional theory (DFT) calculations support an oxidative
addition/reductive elimination mechanism, followed by a Curtin−Hammett scenario that controls the regioselectivity of the
process, unlike previously reported transformations that proceed via a carbometalation/β-oxygen elimination mechanism.

KEYWORDS: oxabenzonorbornadiene, Curtin−Hammett, photoredox/nickel dual catalysis, 4-alkyldihydropyridines, cross-coupling,
regioselective

■ INTRODUCTION

Building molecular complexity swiftly is the key to success in
multiple disciplines that build upon organic synthesis knowl-
edge (i.e., drug discovery, crop protection, dye development,
biochemistry, material science, total synthesis).1 However, to
guarantee the implementation of new methods, the starting
materials must be readily available, the retrosynthetic logic
must be clear, and the reaction conditions must ensure good
functional group tolerance.2 Furthermore, molecular complex-
ity is not to be limited to the introduction of new entities or
functional groups within a molecule but could also be achieved
by increasing its 3D-character. Along these lines, there is a
great interest in introducing C(sp3)-hybridized centers within
molecules to explore new chemical space, given that sp3-
hybridized carbon atoms bestow a higher 3D-spatial geometry,
which is associated with a higher ratio of success in the
development of pharmaceutical drugs.3

Transition metal-catalyzed cross-coupling reactions have
proven themselves unparalleled when forging new C−C bonds
efficiently.4 Among the multiple cross-coupling platforms,

photoredox/nickel dual catalysis perfectly fulfills the afore-
mentioned needs.5 Such catalytic systems are efficient at room
temperature, and usually, no highly reactive additives (i.e.,
strong bases or acids, oxidants, reductants) are needed. More
importantly, because the reaction is based on radical partners,
C(sp3)-centered motifs are easily introduced. However,
because of the nature of most of the electrophiles employed
[i.e., aryl/vinyl (pseudo)halides], the bonds forged with this
strategy are often limited to C(sp3)−C(sp2) centers, thus once
again limiting the chemical space that can be accessed.6

In this vein, oxa- and azabenzonorbornadienes were
examined as electrophilic partners7 in a photoredox/nickel
dual catalytic process, because upon reaction, a new
regioselective C(sp3)−C(sp3) bond would be forged, resulting
in the formation of 2-alkyl-1,2-dihydronaphthalenols. Such
backbones are common intermediates in the preparation of
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Group II C-aryl glycoside antibiotics.8,9 They have also been
used as key intermediates in the total synthesis of
podophyllotoxins (cancer chemotherapy drugs) by the
Sherburn group10 and as ligands.11 Furthermore, these
substructures can be easily modified (e.g., by oxidation,
dehydration, hydrogenation, arylation), enabling the prepara-
tion of numerous distinct compounds from one common
intermediate.12

Oxabenzonorbornadienes are characterized by the posses-
sion of an aromatic ring fused to a furan and a cyclohexene,
and they can be easily accessed in one step from a [4 + 2]-
cycloaddition between a furan derivative and a benzyne
precursor.13 There are numerous literature reports regarding
the enantioselective transition metal-catalyzed ring opening of
these entities with distinct nucleophiles (i.e., hydrides,
alcohols, amines) to form a new C(sp3)−heteroatom bond.7

Notably, previous methods reported for the formation of alkyl
C(sp3)−C(sp3) bonds rely heavily on using reactive organo-
metallic reagents both with and without transition metal
catalysis.
For example, the uncatalyzed alkylative ring opening is

achieved with organolithium reagents14 and leads to the syn-
alkylated product upon exclusive exo-attack of the nucleophile.
On the other hand, less reactive organometallic species, most
notably organozinc reagents, react slowly in the absence of a
metal catalyst and, therefore, have been widely employed in
conjunction with palladium catalysts and chiral ligands for
desymmetrization strategies, leading to diastereoselective and
enantioenriched products.15 Furthermore, asymmetric reports
using other transition metal catalysts (i.e., Ni, Cu, and Co) and
organometallic species (Zr, Al, and B) are known.16 Despite
the exceptional levels of enantiocontrol achieved in these cross-
coupling reactions, most of these studies rely on dialkylzinc
species, where one of the alkyl residues is not coupled with the
substrate. Although with simple dialkylzinc species this is a
minor limitation, in the context of complex alkyl motifs
prepared via multistep sequences, it would become a
considerable handicap. Furthermore, in almost all these
cases, the alkyl motif is limited to benzylic, allylic, and simple
hydrocarbon chains (Figure 1).15,16

anti-Selectivity has been observed mainly using systems
based on copper catalysts.17 From a mechanistic standpoint,
the origin of this anti-selectivity remains elusive, with several

mechanisms proposed.17 On the contrary, the mechanism for
the formation of the syn product under palladium catalysis is
well understood.15 Empirical evidence as well as quantum
mechanical studies support a mechanism consisting of the
initial formation of an organopalladium species that undergoes
syn-carbopalladation followed by a β-oxygen elimination step.15

To avoid the use of organometallic species, aryl halides have
been used as electrophiles in a reductive cross-coupling.
However, detrimental superstoichiometric metallic reductants
are required in these transformations.18 In 2015, the Cheng
group reported the first coupling of oxabenzonorbornadienes
using alkyl halides in the presence of a nickel catalyst and zinc
as a reductant.19 Unfortunately, low yields were obtained in
these reductive cross-couplings because of the decomposition
of the oxabenzonorbornadiene. Nonetheless, Cheng’s work
avoids the use of organometallic species (a major limitation of
the previous reports) and, thus, allowed greater functional
group tolerance and an increase in molecular complexity
within the alkyl motifs used.
Considering the precedented literature,20 a more efficient

alkylative event was anticipated using photoredox/nickel dual
catalysis, where neither organometallic reagents nor high
temperatures or stoichiometric reductants are required,
allowing an expansion of the scope for this strategy in terms
of oxabenzonorbornadiene stability, functional group toler-
ance, and molecular complexity.

■ RESULTS AND DISCUSSION
Encouraged by the potential synthetic applications of the
proposed photoredox/Ni dual-catalyzed alkylation, identifica-
tion of the best radical precursor was explored. In this type of
transformation, 4-alkyl-1,4-dihydropyridines (DHPs) have
previously been proven valuable in photoredox/nickel catalytic
systems for the introduction of secondary or activated primary
alkyl radicals in aryl- and heteroaryl motifs.6c,21 More
importantly, saccharyl-DHPs can be easily prepared and
funneled into dual catalytic protocols, delivering nonclassical,
arylated C-saccharides.21c In the present case, the combination
of saccharyl-DHP radical precursors with epoxynaphthalene
electrophiles would translate into a straightforward synthesis of
Group II C-aryl glycoside antibiotics which, to date, have
limited synthetic routes available, all of them involving the use
of organometallic reagents.8,9

Figure 1. Ni/photoredox dual catalysis as a strategy to overcome previous limitations of the alkylation of oxa- and azabenzonorbornadienes.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.9b02458
ACS Catal. 2019, 9, 8835−8842

8836

http://dx.doi.org/10.1021/acscatal.9b02458


Conceptually, alkylation of the oxa- and azabenzonorborna-
dienes poses several challenges, including the various regio-
and stereochemical scenarios available (1,2- and 1,4-addition
products,22 as well as syn/anti-stereoisomers). However, a
judicious choice of the ancillary ligand for the nickel catalyst
was anticipated to lead to a satisfactory and useful product
distribution.
On the basis of previously developed conditions,21 the

following was established: NiCl2·dme as the precatalyst,
acetone as the solvent, and 2,4,5,6-tetra-9H-carbazol-9-yl-1,3-
benzenedicarbonitrile (4-CzIPN) as the photocatalyst. The
latter was used in consideration of its proven ability to
photocleave DHPs efficiently and its lower cost compared to
other metal-based photocatalysts.21 Anticipating the key role
played by the ligand, screening was undertaken with an array of
different nitrogen-based ligands. Diimine ligand L1 out-
performed all other ligands tested (Table 1, entry 1), even
the prominently used dtbbpy and dMeObpy (entries 6 and
7),21 delivering quantitative yields with excellent regio- and
diastereocontrol.23 To confirm the structure of the product, a

suitable crystal was analyzed by X-ray diffraction, validating the
regio- and stereochemistry of product 3a. Notably, the reaction
proceeds in the absence of ligand, although in dramatically
lower yields (entry 2), but neither the regioselectivity nor the
stereoselectivity was affected under these conditions. On the
other hand, nickel is required, thus ruling out a free radical
addition pathway.24 Other solvents were deleterious for the
reaction outcome (entries 8−10). We were interested in the
role played by the pyridinium ion generated upon oxidative
photolysis of the DHP; thus, different bases were tested
(entries 12−13). Virtually no product was observed under
these conditions, indicating that protonation of the resulting
alkoxide by the pyridinium salt is crucial for catalytic turnover.
Finally, lower Ni/L ratios diminished the overall yield (entry 1
vs 14). Notably, less rigid L2 behaved similarly to L1 (entry 14
vs 16). Finally, expecting a challenging coordination between
the ligand and the nickel center to be responsible for the loss in
reactivity at lower Ni/L ratios, we prepared and isolated the
complex NiCl2·L1. Under these conditions, low yields were
still observed (entry 15). The reason for this remains unclear,
but decomposition of the ligand or the fact that two
equivalents of ligand are required to form a more stable
tetracoordinated nickel(0) complex may be contributing
factors.25

Since suitable reaction conditions were developed, the
versatility of the present method in a variety of different
scenarios was explored. First, we focused on studying different
4-alkyl-DHPs (Table 2). In general, secondary and stabilized
primary radicals were successfully coupled with oxo- and
azabenzonorbornadienes 1a−b, while tertiary radicals failed to
deliver the desired product. Secondary radicals, including
heterocycles (3a,c,j), bicyclic structures (3d), and masked
diols (3e), could be introduced in good to high yields.
Likewise, primary radicals, including α-silyloxy (3f−g,l) and
benzylic (3h−i) motifs, were coupled efficiently. In all cases,
regardless of the nature of the radical, only the syn-1,2-addition
product was observed. Notably, the reaction was not limited to
epoxynaphthalenes, as azabenzonorbornadienes were suitable
substrates as well, affording only the syn-1,2-addition product
(3j−l). Importantly, despite the inherent propensity of the
alcohol products to undergo dehydration,14b,c the mild
reaction conditions prevented this decomposition pathway.
Intrigued by the excellent regio- and diastereocontrol

observed, we examined diverse epoxynaphthalene cores to
determine whether substrate control could be tuned on the
basis of steric or electronic factors. Regardless of the
substituents on the aromatic ring, exclusive syn-1,2-addition
was observed (Table 3). However, in unsymmetrically
substituted systems (3q/3q′), an almost 1:1 mixture of the
two possible regioisomers was observed. The poor regiose-
lectivity observed in this case is likely because of the ineffective
steric effect of the distal substituent and the scarce electronic
differentiation of the two bridgehead positions [σmeta (Cl) 0.37
vs σpara (Cl) 0.23],

26 which renders the nickel catalyst unable
to discriminate between the two possible reaction sites.
Substitution on the cyclohexene motif did not hamper the

reaction. As a general trend, when a substituent was located on
position 2 (vinyl substituent), the alkyl residue was
incorporated adjacent to it (3r,t−u). However, the formation
of a quaternary center was observed in 22% yield for substrate
3s. When comparing products 3s−u, they all originate from
the same epoxynaphthalene (1h). Therefore, the nature of the
alkyl residue appears to dictate the regioselectivity. In this

Table 1. Optimization of Reaction Conditionsa

aReaction conditions: 1a (0.1 mmol), 2a (0.12 mmol), 4-CzIPN (5
mol %), NiCl2·dme (5 mol %), L1 (10 mol %), acetone (2.5 mL, 0.04
M), blue LEDs, rt, 16 h. NMR yield uses diethyl fumarate as the
internal standard. Numbers in brackets indicate isolated yields.
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particular case, the quaternary product was only observed with
the less sterically hindered primary benzylic radical, whereas
for the more sterically encumbered secondary pyranyl and
furanyl radicals, steric effects raise the transition state energy
and inhibit reductive elimination (vide infra).
Mono- or disubstitution on the bridgehead position did not

affect the relative syn-configuration between the hydroxyl
group and the new alkyl motif introduced (3v−3y). Notably,
when only one bridgehead position was occupied, the
formation of the secondary alcohol was favored (3v, 3y). On
the other hand, in the presence of dissimilar substituents, the
reaction favored the formation of the most stable alkene (3w).
A series of experimental mechanistic studies was carried out

to gain further insights into the observed regioselectivity and
diastereoselectivity. First, the pyridinium ion generated upon
oxidative cleavage of the DHP was studied to determine if it
was able to activate the epoxynaphthalene (I). However, when
pyridinium·TFA 4 was added to epoxynaphthalene 1a, no
significant shift of the proton signals was observed, thus ruling
out activation of the substrate by the byproduct (Figure 2,
top). Next, the effect of the electronic nature of the alkyl
radical motif was examined (Figure 2, bottom). To this end, a

Table 2. Merging Oxa- and Azabenzonorbornadienes with
4-Alkyl-DHPs: Alkyl Radical Scopea

aReaction conditions: 1 (0.5 mmol), 2 (1.2 equiv), 4-CzIPN (5 mol
%), NiCl2·dme (5 mol %), L1 (10 mol %), acetone (0.04 M), blue
LEDs, rt, 16 h. Yield in brackets represents a 5.0 mmol (1a) scale
reaction. bUsing L2 (7.5 mol %). cUsing 2 (1.5 equiv).

Table 3. Merging Oxa- and Azabenzonorbornadienes with
4-Alkyl-DHPs: From Functional Group Influence to the
Synthesis of Aryl C-Glycosidesa

aReaction conditions: 1 (0.5 mmol), 2 (1.2 equiv), 4-CzIPN (5 mol
%), NiCl2·dme (5 mol %), L1 (10 mol %), acetone (0.04 M), blue
LEDs, rt, 16 h. bUsing L2 (7.5 mol %). cUsing 2 (1.5 equiv).

Figure 2. Mechanistic probes.
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reaction with substrate 1a and an equimolar mixture of DHPs
2l and 2i was performed. Upon completion and analysis of the
reaction, the crude mixture showed a negligible preference for
the para-fluorosubstituted product, thus indicating that, most
likely, the benzyl residue is not involved in the product-
determining step.
Density functional theory [UM06/6-311+G(d,p)-CPCM-

(acetone)//UB3LYP-D3/6-31G(d)-CPCM(acetone)] was
used to gain insights into the mechanism and factors
controlling regioselectivity. For simplicity, only the lowest
energy pathway is discussed (see the Supporting Information

for competing pathways).27 As shown in Figure 3, syn
complexation of the epoxynaphthalene to the Ni(0) complex
1 allows direct oxidative addition to the C−O bond via TS-1-2
(overall barrier is 24.1 kcal/mol) to form a Ni-O-π-allyl
complex 2 (exergonic by 7.1 kcal/mol). In turn, this
intermediate favors a low barrier π−σ rearrangement (via
TS-2-3), leading to the 1,4-Ni(II)-O-alkyl complex 3. At this
stage, the benzyl radical, presumably generated from the
photocatalytic cycle (not calculated), will add to the Ni(II)
intermediate 3, leading to formation of Ni(III) complex 4.
Despite various attempts, the transition state could not be

Figure 3. Energetics of the lowest energy pathway. Free energies (kcal/mol) are computed at the UM06/6-311+G(d,p)-CPCM(acetone)//
UB3LYP-D3/6-31G(d)-CPCM(acetone) level of theory.

Figure 4. Distortion-interaction analysis of TS-6-P1 and TS-4-P2. Energies (kcal/mol) are computed at the UM06/6-311+G(d,p)-
CPCM(acetone)//UB3LYP-D3/6-31G(d)-CPCM(acetone) level of theory. The favorable interaction energy in TS-6-P1 leads to the observed
regioselectivity.
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located for radical addition at this level of theory. Analysis of
relaxed scans of the forming Ni−C bond28−31 (see the
Supporting Information for details) revealed a barrierless
interconversion between 3 and 4, while calculations optimized
in the gas phase revealed a small energetic barrier (ca. 3 kcal/
mol) between these two species (see the Supporting
Information). Importantly, from this Ni(III) complex 4
intermediate, two pathways were found that could lead to
the formation of the 1,4- and 1,2 products. As shown in the
green pathway, Ni(III) intermediate 4 could undergo direct
reductive elimination (via TS-4-P2) to form the 1,4-product
(after protonation; not calculated) with an overall barrier of
∼26 kcal/mol from 3. Although the barrier is reasonable, the
formation of the 1,2-product (red) is significantly lower in
energy. Specifically, 4 will preferentially undergo a facile
σ−π−σ isomerization (barrier is only ∼5 kcal/mol via TS-4-5),
leading to the more energetically favored π-allyl Ni(III) 5
intermediate. In turn, this π-allyl intermediate will then form
the 1,2-Ni(III) intermediate 6, which is poised to undergo
facile (barrier is ∼11 kcal/mol) reductive elimination via TS-6-
P1, leading to the experimentally observed 1,2-syn product P1
(after protonation; not calculated).
The distortion-interaction model32 was used to explore the

regioselectivity of the reaction. Specifically, we analyzed TS-6-
P1 and TS-4-P2 (Figure 4). ΔEdist

‡ is the energy required to
distort intermediate 3 and the benzyl radical into the transition
state geometry. ΔEint

‡ is the energy of the interaction between
the distorted fragments. The distortion energy of TS-4-P2 is
higher than that of TS-6-P1 (∼7 kcal/mol), indicating that it
takes more energy for intermediate 3 and the benzyl radical to
distort into the transition state geometry required by TS-4-P2
than by TS-6-P1, contributing to the overall higher energy of
this transition state. Furthermore, the interaction energy
between the distorted intermediate 3 and benzyl radical
fragments in TS-6-P1 is 8 kcal/mol lower than that in TS-4-
P2. This result indicates that TS-6-P1 has a more favorable
interaction energy, leading to the observed 1,2-regioselectivity.
It is worth noting that the C−C bond length between the
benzyl radical and the epoxynaphthalene substrate in TS-6-P1
is shorter (2.1 Å) than the same bond length in TS-4-P2 (2.27
Å), indicating that TS-6-P1 is a more dissociative transition
state, which contributes to the more favorable interaction
energy in TS-6-P1. Overall, the distortion-interaction model
offers insight into the preference for the 1,2-product, as
observed experimentally.
Overall, favorable exo-coordination [via Ni(0) 1] dictates

the syn-selectivity, whereas the exclusive 1,2-regioselectivity
observed arises from a Curtin−Hammett scenario,33 owing to
a rapid σ−π−σ isomerization that interconverts benzyl radical/
Ni(II), σ-Ni(III), and π-allyl Ni(III) intermediates (3, 4, 5, and
6) prior to undergoing regio-determining reductive elimina-
tion. The previously reported mechanism under palladium
catalysis15 (i.e., carbometalation followed by a β-oxygen
elimination) would be unlikely for this system because, to
the best of our knowledge, there is no precedent in the
literature for a β-oxygen elimination with nickel. Indeed,
computations predict this pathway to be unfavorable because
of the high energy of the syn carbometalation transition state
(see the Supporting Information for details).

■ CONCLUSION
In summary, taking advantage of the inherent mild reaction
conditions of nickel/photoredox dual catalysis, the first general

and efficient regio- and diastereoselective alkylation of oxa- and
azabenzonorbornadienes has been developed. This new
approach tolerates an array of functional groups and complex
alkyl motifs, including saccharyl units, thus allowing the
synthesis of arylated C-glycosyl antibiotic precursors. Mecha-
nistic studies unraveled a new mechanistic paradigm, invoking
a Ni(0) oxidative addition to form an π-allylnickel complex,
followed by radical addition to generate a Ni(III) species,
which under Curtin−Hammett conditions undergoes prefer-
ential reductive elimination from the 1,2-nickel adduct,
resulting in complete regiocontrol.
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