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Ligand-redox assisted nickel catalysis toward
stereoselective synthesis of (n+1)-membered
cycloalkanes from 1,n-diols with methyl ketonest

Amreen K. Bains,? Abhishek Kundu,® Debabrata Maiti 2 *® and Debashis Adhikari {2 *2

A well-defined, bench-stable nickel catalyst is presented here, that can facilitate double alkylation of
a methyl ketone to realize a wide variety of cycloalkanes. The performance of the catalyst depends on
the ligand redox process comprising an azo-hydrazo couple. The source of the bis electrophile in this
double alkylation is a 1,n-diol, so that (n+1)-membered cycloalkanes can be furnished in
a stereoselective manner. The reaction follows a cascade of dehydrogenation/hydrogenation reactions
and adopts a borrowing hydrogen (BH) method. A thorough mechanistic analysis including the
interception of key radical intermediates and DFT calculations supports the ligand radical-mediated
dehydrogenation and hydrogenation reactions, which is quite rare in BH chemistry. In particular, this
radical-promoted hydrogenation is distinctly different from conventional hydrogenations involving
a metal hydride and complementary to the ubiquitous two-electron driven dehydrogenation/

rsc.li/chemical-science hydrogenation reactions.

Introduction

Multisubstituted cycloalkanes including cyclopentane, cyclo-
hexane and cycloheptane rings are found in a wide variety of
natural products, pharmaceutical agents and materials." The
earlier approaches towards their synthesis included Diels-Alder
cycloaddition followed by reduction,” hydrogenation of
aromatic six-membered rings,”® dimerization of two con-
strained rings," the Michael reaction of an enolizable
substrate," or cyclization of dihalides via Wurtz synthesis.*® The
major drawback of these methods is their dependence on the
availability of tailor-made precursors, which often requires
multistep and challenging synthetic efforts. Furthermore, many
of these methods exhibit poor regio- or stereoselectivity and
generate copious amounts of hazardous waste. To this end,
developing a sustainable, one-step process to furnish these
high-value cycloalkane rings from abundantly available
building blocks poses a desired, yet challenging task. In this
regard, a (n+1) annulation strategy might be very effective where
a C-1 building block would appropriately react with a C-n bis-
electrophile. The in situ generation of an electrophilic carbonyl
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species from readily available alcohols has been widely prac-
ticed in borrowing hydrogen (BH)-based methods.**>* Hypo-
thetically, generation of bis-electrophiles from 1,n-diols and
their concomitant cyclization to a carbon center should lead to
(n+1)-membered cycloalkanes following BH techniques.

Catalysis steered by redox active ligands with 3d metals has
evolved as an effective strategy as a potential surrogate to
precious metal catalysis.**** The incorporation of redox
responsive ligand motifs can govern multielectron/multiproton
processes that are capable of emulating the chemistry which is
often done with less abundant, expensive and toxic 4d or 5d
transition metals.>”>* Donohoe's group showcased the prepa-
ration of cyclohexane by annulation of pentamethyl acetophe-
none and 1,5-pentanediols employing an iridium -catalyst,
[Cp*IrCl,],.**** We demonstrate in this report that a nickel
catalyst, which is heavily assisted by the 2e /2H" process of an
azo/hydrazo redox-couple can facilitate such annulation reac-
tions efficiently. The generality of the reaction has been proved
by synthesizing a large number of cycloalkanes involving 5-, 6-,
and 7-membered rings.

The mechanistic investigation revealed both dehydrogena-
tion and hydrogenation reactions to be mediated by a ligand-
centered radical, which is distinctly different from two electron-
promoted analogous reactions involving metal hydrides.

Results and discussion

We have recently designed a nickel catalyst 1 (Scheme 1),
comprising an azophenolate ligand, which can successfully
dehydrogenate alcohols, facilitate alkylation of amines and
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Scheme 1 Ni-catalyzed cycloalkane formation via ligand-centric
redox.

form multiple heterocycles.**** Discovering the capability of the
azo moiety to reversibly store the extracted hydrogen atom from
an alcohol, we wondered whether this molecule can catalyze
a cascade (de)hydrogenation cycle to synthesize (n+1)-
membered cycloalkanes from 1,n-diols. Notably, such a cascade
of (de)hydrogenation reactions en route to cycloalkane forma-
tion is challenging and only two base metal catalysts
comprising manganese and iron are known.***® Nickel catalysts
have so far been successful in monoalkylation of ketones or
secondary alcohols but cascade (de)hydrogenations to form
annulated products by using nickel are unknown.**** Gratify-
ingly, 1,5-pentane diol can dialkylate pentamethyl acetophe-
none to afford substituted cyclohexanes in very high yield (87%)
when the reaction was conducted at 135 °C. A series of opti-
mization studies revealed toluene as the most suitable solvent
for this protocol and 2 equiv. of KO‘Bu was found to be crucial
for the reaction. Other bases such as KOH, NaOH, and K,CO;
were ineffective in steering this alkylation procedure. A catalyst
loading of 7 mol%, reaction time of 24 h and temperature of 135
°C turned out to be optimum for this reaction (see Tables S1-S4
in the ESIT for the optimization). Further control experiments
indicated that both the nickel catalyst and the base were
essential for this reaction.

Importantly, at the end of the reaction, we did not observe
any precipitation, and a test of homogeneity in the presence of
excess mercury proved the catalysis to be homogeneous in
nature (Section 5.6, ESIT).

Notably, the steric protection at the carbonyl carbon of ace-
tophenone with the use of a 2,6-disubstituted aryl group is
required for the reaction. Previous work of Donohoe elegantly
established that the steric encumbrance at the a,«/-positions of
the aryl ring in an aryl ketone is crucial for a successful
reaction.*"*?

The lack of this protection triggers many unwanted
condensation reactions, thwarting the successful cycloalkane
formation. Notably, such protection can be easily removed by
a retro-Friedel-Crafts reaction, and further derivatization of the
ketone functionality can be realized.**** The bench-stability of
our nickel catalyst renders the process operationally very simple
and loading of all the reaction components under air is
possible. A quick purging with nitrogen to prohibit aerobic
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oxidation of the hydrogen stored in the form of a hydrazo motif
ensures the redelivery of the hydrogen to follow BH reactions.

Having the optimized reaction conditions in hand, we
focused on understanding the scope of the reaction. Initially we
chose 1,5-pentanediols as the alcohol substrate, and reacted
with a variety of sterically protected ketones to afford the
desired products in good to excellent yields.

With unsubstituted 1,5-diols, pentamethyl-, 1,3,5-triethyl-
and mesityl acetophenones afforded the corresponding cyclo-
hexane products (4aa-4ac) in 77-87% yields. Then the diol
partner was switched to 2,2-dimethyl 1,5-pentanediol. Pentam-
ethyl acetophenone reacted smoothly to offer the product 4ad in
85% yield. Very similar yield (86%) of the product 4ag was also
obtained with mesityl acetophenone as the ketone substrate.

High yields of cyclohexane products (4ae and 4af) were also
isolated with 1,2,4,5-tetramethyl- and 1,3,5-triethyl acetophe-
none substrates. Similarly, geminal methyl groups at the 3,3-
position of the 1,5-diol did not hamper the reaction and affor-
ded the products (4ah-4aj) in very good yield (71-74%) with
diverse sterically hindered ketones (Table 1). Furthermore,
a 1,5-diol was selected where 3,3-pentamethylene substituents
were present. Such a diol resulted in a variety of spirocyclic
molecules (4ak-4an) with a variety of acetophenones in 71-83%
yields. Interestingly, the 1,5-diol derived from (+)-camphoric
acid underwent the dialkylation reaction smoothly to give the
bicyclic product 4ao in 61% yield with a high diastereomeric
ratio (>95 : 5). Importantly, when 3-methyl-1,5-pentanediol was

Table 1 Synthesis of cyclohexanes from 1,5-diols®

o

')l\O + 2H,0
‘R

(4aa-daw)

Jeqe

4ac (84%)

4ag (86%)

1.(7 mol% ), KO'Bu (2 equiv)
—_— T
Toluene, 135 °C

Ho
gL
PN i
R
2 8

o
4aa (87%)

4ab (77%) 4ad (85%)

4ae (75%)

o o,

4ai (73%) 4aj (71%)

4af (79%) 4ah (74%)
o

o #o

4ak (81%) 4al (83%)

Bop sta, s 2o,

4am (71%) dan (77%) 420 (61%) 4ap (75%)
>95:5 d.r. >95:5 dur.

;ﬁéf*o : 220 - ﬁ(‘o
4aq (69%) dar (74%) 4as (78%) ©\
>95:5 d.r. e >95:5 d.r. e >95:5 d.r. e
o o o]

ﬁ@ﬁo.,..@m

4at (82%)
>95:5d.r.
o

7 qot o

daw (79%)
>95:5d.r.

dav (77%)

>95:5d.r.

4au (72%)

>95:5 d.r.

¢ Reaction conditions: 1 (7 mol%, with respect to 2a), 2a (0.5 mmol),
substituted-1,5-pentanediol (1.5 mmol), KO'Bu (1 mmol), toluene (5
mL), 135 °C, 24 h (isolated yield).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reacted with pentamethyl acetophenone, the cyclohexane
product 4ap was isolated in 75% yield as an exclusive diaste-
reomer. Analogously, 3-(p-tolyl)-1,5-pentanediol was reacted
with pentamethylaryl and mesityl ketones to afford the respec-
tive cyclohexane products 4aq-4ar in 69-74% yields, as a single
diastereomer. A similar level of diastereocontrol was observed
in the products 4as-4at when 3-(p-methoxyphenyl)-1,5-penta-
nediol was used. Finally, 3-(m-bromophenyl)-1,5-pentanediol
was cyclized to afford the respective cyclohexane products 4au-
4aw maintaining high yields and exclusive diastereoselectivity.

The successful preparation of a series of cyclohexane prod-
ucts inspired us to test the reaction over 1,4-diols so that
cyclopentanes can also be synthesized in a similar manner. In
this direction, when unsubstituted 1,4-butanediol was chosen
as the substrate, cyclopentane products (4ba-4bc) were isolated
in moderate yields (54-60%) during the reaction with a variety
of differently substituted acetophenones. We next turned our
focus to the construction of more complex cyclopentanes from
substituted diols. Accordingly, when 2-methyl-1,4-pentanediol
was reacted with a group of ketones, substituted cyclopentanes
(4bd-4bh) were obtained in moderate to high yields with very
high cis-diastereoselectivity (see the ESIT). Similarly, 2,5-hex-
anediol reacted smoothly with a variety of acetophenones
affording the substituted cyclopentyl products (4bi-4bl) in good
yields along with high diastereoselectivity (Table 2).

After successfully synthesizing substituted cyclopentanes, we
planned to extend the scope of the protocol towards preparing
cycloheptanes.

To achieve this 1,6-hexanediol was chosen as the starting
alkylating substrate and annulation reactions were conducted
under identical reaction conditions. With an array of aceto-
phenones, 1,6-hexanediol reacts smoothly to give substituted
cycloheptanes (4ca-4ed) in 59-75% yields (Table 3). Similar
reactions of 3-methyl-1,6-hexane diol with three different ace-
tophenones afforded the respective cycloheptane products (4ce-
4cg) in good yields (60-69%) albeit with poor
diastereoselectivity.

Table 2 Synthesis of cyclopentanes from 1,4-diols®

o

Ar)k@ + 2H,0
"R

(4ba-4bl)

4be (<4%) l 4bd (66%

>95:5d.r.

4hg (65%) 4bh (70%)
>95:5 d.r. >95:5 d.r.

A S

4bk (61%) 4bl (73%)
86:14 d.r. >95:5 d.r.

j\ + HONSOH1(7 mol%), KO'Bu (2 equiv)
R

Toluene, 135 °C

2 3

o o
i 4ba (55%) l 4bb (60%)

4bf (69%)
>95:5 d.r.

4be (54%)
>95:5d.r.

D7

4bi (74%) 4bj (69%)
75:25 d.r. 87:13 d.r.

% Reaction conditions: 1 (7 mol%, with respect to 2a), 2a (0.5 mmol),
substituted-1,4-butanediol (1.5 mmol), KO‘Bu (1 mmol), toluene (5
mL), 135 °C, 24 h (isolated yield).
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Table 3 Synthesis of cycloheptanes from 1,6-diols®

o

Ar)@ + 2H,0
“R

(dea-deg)

ﬁfb HO KO L0

dca (67%) 4cb (65%) dee (59%) ded (75%)

O O O

dce (65%) 4cf (69%) deg (60%)
54:46 d.r. 53:47 d.r. 56:42 d.r.

1 (7 mol%), KO'Bu
Toluene, 135°C

w [

¢ Reaction conditions: 1 (7 mol%, with respect to 2a), 2a (0.5 mmol),
substituted-1,6-hexanediol (1.5 mmol), KO‘Bu (1 mmol), toluene (5
mL), 135 °C, 24 h (isolated yield).

The reaction can be further extended to a set of substrates,
where bis-cycloalkanes can be synthesized. Along this direction,
bis(ethane-1-one), 2f was chosen as the diketone substrate, and
cycloalkanes were formed with 1,4-butanediol and 1,5-penta-
nediol (Table 4). Under the identical reaction conditions, the
first reaction afforded 4da in 54% yield, whilst the bis cyclo-
hexane containing product 4db was formed in 71% yield. The
formation of three different cycloalkane (5-, 6-, and 7-
membered rings) in good yields and high diastereoselectivity
ascertains the general efficiency and versatility of this synthetic
methodology.

It is intuitive to understand that there are two consecutive
dehydrogenation/hydrogenation cycles starting from a diol
substrate that can lead to the desired product. To illustrate
further, in the first cycle, a diol is oxidized and one end of the
resulting carbonyl engages in aldol condensation to produce an
enone, 5. A selective hydrogenation reduces the olefin of the
enone 5 (Scheme 2). During the dehydrogenation of an alcohol,
the azo-arm of the ligand drives the process by a radical
mechanism and stores the extracted hydrogen in the form of
hydrazo.*

The selective hydrogenation of the olefinic bond in the in
situ-generated enone will lead to the ketone 6, where one of the
ketone arms is an aliphatic alcohol. As a model enone, 5a was
synthesized separately and hydrogenated under identical cata-
Iytic conditions using 1,5-pentanediol resulting in the

Table 4 Synthesis of bis-cycloalkanes®

o

o
n
t
+ Ho P ~OH __1 (7 mol%), KO'Bu e "+ 41,0
W Toluene, 135 °C
]

o n=12

2f 3 (4da-4db)

o
O 4da(54%) o

4db (71%)

¢ Reaction conditions: 1 (7 mol%, with respect to 2f), 2f (0.25 mmol),
1,4-butanediol/1,5-pentanediol (1.5 mmol), KO‘Bu (1 mmol), toluene
(5 mL), 135 °C, 24 h (isolated yield).
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Scheme 2 Cascade dehydrogenation and hydrogenations required
for cycloalkane formation.

formation of the hydrogenated products in 74% yield (Scheme
3a). The details of the ligand-promoted redox pathway to drive
the hydrogenation will be elucidated below. The formation of 6
completes the first cycle following the BH method. During the
intramolecular cyclization of an alcohol in 5, we did not observe
the formation of any by-product. Perhaps, this fact indicates
much faster hydrogenation of the enone compared to the
cyclization process.

In the second cycle, the same sequence of steps is repeated.
The ketonic alcohol 6 becomes further oxidized to 7, after which
it undergoes an intramolecular aldol condensation followed by
dehydration to result in the formation of a ketone with cyclo-
alkene, the cyclic enone 8. This putative cycloalkene 8 has been
isolated from the reaction mixture, owing to its presence to
incomplete hydrogenation. We assume that the double C-
alkylation thus occurs in a step-wise fashion via a one-pot
reaction to overcome the problem of enolate-based consecutive
alkylation processes. Final hydrogenation selectively reduces
the olefinic bond of the cyclic enone, 8 to yield the desired
cycloalkane product. Indeed, hydrogenation of an isolated

) Hydrogenation of intermediate

” o
_ . HOUOH 1(7 mol%), KO'Bu ’ O
_—
i O Toluene, 135 °C
. (74% yield)

b) Ring opening of radical-probe substrate
o
Ho,
Z IS
+
©®
4bb, 60% 4bb', 17%

(0.5 mmol) (1 mmol)

__1(7 mol%), KO'Bu
Tolucne 135°C

2] Dctccllon of radical intermediate arrested by TEMPO

\(éfw X

1(7 mol%), KO'Bu

0.6 equiv TEMPO . ﬁ ‘
+ (9a) (9b) (T)

Possible trapped
(10b) (IOc)

radical intermediates
detected via ESI-HRMS
Chemical Formula: C;sHzNO,
M+H = 386.3066

Scheme 3 Control reactions and detection of radical intermediates.
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cyclic enone using our catalyst afforded 78% yield of the desired
cycloalkane product (see Section 5.1, ESIt). The catalyst is thus
efficient in executing cascade hydrogenation and dehydroge-
nation cycles to accomplish this challenging transformation.

The dehydrogenation mechanism of an alcohol by using our
nickel catalyst has been described elaborately in our previous
work (see Fig. S4, ESIT for the dehydrogenation catalytic cycle).
To reiterate this, the azo backbone is monoreduced by KO*Bu,
which leads to a crucial hydrogen atom transfer (HAT) step from
a bound alcohol to the nickel center. Such a radical mediated
process generates the ketyl radical, which upon quick rear-
rangement liberates the oxidized carbonyl product and leaves
the electron in the second azo arm of the nickel catalyst. To
delve into the details of the hydrogenation mechanism, we have
performed a systematic study with a series of control reactions,
and the conclusions are further corroborated by theoretical
calculations through DFT methods. The dehydrogenation of
a substrate alcohol will lead to the formation of II (Fig. 1), where
one of the azo arms of the catalyst has been converted to
hydrazo, whilst the second azo arm remains mono reduced. In
the present context, we attempt to investigate the details of
olefin hydrogenation of the enone 5 and show that hydroge-
nated product 6 forms by a radical mechanism.

Our proposal of radical-mediated enone hydrogenation is
indirectly supported by the failure of the reaction in the pres-
ence of a radical inhibitor like TEMPO (Section 5.2, ESI{). We
gather collective evidence from control reactions and try to
delineate the hydrogenation mechanism, which is driven by
radical intermediates. To start the hydrogenation of the olefinic
bond in enone 5, it binds to nickel, at the expense of one of the
phenolate arms being detached upon protonation. In the olefin-
bound form, the mono-reduced azo passes the electron to
reduce the olefin in intermediate HI (Fig. 1). Such a reduction is
facilitated by the nickel being a mediator, which can also

HE <} b "

: { Bu Ney! 8y
: ' (1) \ o.

: { _Ni—
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Fig. 1 Plausible mechanism for the radical-promoted selective
hydrogenation of a double bond in an enone.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Products

0.0 0.5

Fig. 2 Potential energy diagram of olefin hydrogenation of o,f-
unsaturated carbonyl via HAT (* marked transition states are for illus-
tration and were not determined). All hydrogens except chemically
important ones have been removed for clarity.

change its redox state when required. The oxidation state of
nickel in the catalyst is +2, which supposedly becomes reduced
to +1 in the intermediate III.

In the intermediate IIl, a carbon-based radical character
develops that facilitates the further hydrogen atom transfer
(HAT) event. We undertook a series of studies to accumulate
unambiguous evidence for such a carbon-based radical gener-
ation during the sequence of reactions. To amass compelling
evidence, we selected a radical-probe substrate. In the enone 9,
a cyclopropyl group is connected, and during the generation of
a carbon-centred radical this ring is expected to open leaving
the signature of radical formation.

Indeed, the hydrogenation reaction of the radical-probe
substrate revealed a rearranged product after ring-opening to
form 4bb predominantly (60%). The formation of 4bb further
proves that the ring-opening of the cyclopropyl ring in 9 is
completely mediated by a radical, as opposed to a metal-hydride
promoted process.** Conversely, only 17% of the isolated
product showed cyclopropyl ring retention (4bb’, Scheme 3b).
Moreover, the carbon-based radical from a substrate enone was
intercepted by TEMPO and detected by ESI-mass spectrometry
at 386.3066 amu (Section 5.4, ESIT). Notably, this mass can be
representative of any of the trapped forms of the radical 10a-
10c, while the pathways for their formation have been described
in the ESI (Scheme S17).

Taken together, these experiments demonstrate a radical
mechanism for hydrogenation. A HAT from N-H happens in
intermediate III, to form an azo-centred radical in the inter-
mediate IV. The intermediate IV also gains stability from its
nickel coordination. Finally, the alkyl end coordinated to nickel
requires protonation to complete the hydrogenation step, where
the source of protons can be the phenol arm. Upon release of
the hydrogenated product phenolate regains coordination to
the nickel. It can be assumed that the same hydrogenation
would be followed for the cyclic enone to release the final
cycloalkyl ketone product.

The discrete involvement of radicals in the hydrogenation
step intrigued us to study the mechanism of the hydrogenation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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by theoretical methods that can shed light on the nature of
intermediate species in the catalytic cycle. To focus on the
hydrogenation part of the reaction, we conducted calculations
on a model enone using a meta hybrid functional M06-2X and 6-
311G*/(lanl2dz for nickel) basis set.*** The hydrogenation
starts with olefin binding of the enone to nickel in catalytic
intermediate IIL In this computed intermediate III, the N-H in
the embedded hydrazo is properly aligned to the carbon, where
its migration is necessary to pave the hydrogenation. Compu-
tationally, we investigated the alternative possibility of nickel
binding to the beta-carbon of the enone, but such attempts
resulted in non-converged intermediates. This is suggestive of
very high energy intermediates in such binding modes
compared to our proposed intermediate III. In such a situation,
HAT is fully feasible where, the H migrates from the nitrogen to
the putative carbon. Encouragingly, such a transition state (TS)
for HAT can be located in the potential energy surface which
poses a barrier of 26.12 kcal mol ™, when computed at 298 K. In
the TS, the pseudo-tetrahedral geometry of the nickel is main-
tained and the respective N...H and C...H distances are found
to be 1.37 and 1.29 A, respectively (Fig. 2). The portion of the
alkyl chain in this enone substrate can be placed outside, so
that steric clash with the substituents in the ligand backbone
can be avoided. Upon this HAT, a nitrogen-centered radical is
generated, which is further stabilized via the nickel coordina-
tion. Indeed, the developing covalency between the ligand
radical and the metal center confers stability to an otherwise
rather unstable intermediate. As expected, in this computed
intermediate, the spin density is observed in the azo fragment
and nickel.

The resulting intermediate III from HAT possesses an energy
of 7.09 kcal mol™* with respect to the reference state. At this
stage, adjacent carbon in the olefin is strongly bound to nickel
which requires further protonation to facilitate the liberation of
the hydrogenated product. Complete release of the hydroge-
nated product makes this process close to thermoneutral.

Notably, this mode of hydrogenation is distinctly different
from conventional hydrogenations involving a metal
hydride.* Indeed, in metal-ligand cooperativity®* driven
hydrogenation reactions, a metal-hydride has been often
invoked and usually an insertion of the olefin to such a metal
hydride follows. Our findings showcase that such a pathway can
be completely avoided by one-electron HAT processes,* which
are predominantly steered by redox-active ligands appropriately
placed in the metal coordination sphere.

Conclusion

In conclusion, we present the first example of a nickel catalyst
that can furnish a host of cycloalkanes in a stereoselective
manner from a ketone and 1,n-diol substrates under low cata-
lyst loading. The reaction follows a BH-method, where the
extracted hydrogen from the diol is stored in the azo ligand
backbone, fully avoiding a metal hydride formation. A sequence
of dehydrogenation and hydrogenation reactions is conducted
that is fully dictated by the radical pathway, thus distinguishing
this completely from two-electron chemistry. Multiple radical

Chem. Sci., 2021, 12, 14217-14223 | 14221
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isolation and radical-probe substrates support the mechanistic
proposal and promise this pathway to be complementary to the
ubiquitous two-electron driven (de)hydrogenation reactions.
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