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ABSTRACT: Herein we present photoinduced cobaloxime-catalyzed selective remote desaturation of aliphatic alcohols. This
transformation, which proceeds efficiently at room temperature, facilitates the synthesis of valuable cyclic and acyclic allylic and
homoallylic alcohols from readily available saturated aliphatic alcohols. Remarkably, this method obviates the need for external
oxidants, noble metal catalysts, and phosphine ligands.

Remote desaturation of aliphatic compounds is a valuable
transformation in organic chemistry that enables the

introduction of unsaturation at positions distant from func-
tional groups or reactive sites within a molecule.1−3 This
process is particularly challenging due to the inherent stability
and inertness of the C−H bonds in aliphatic chains.4 We have
recently reported cobaloxime-catalyzed remote desaturation of
aliphatic amines and amides.5 Our next goal involves the
further exploration of the catalytic method for the more
challenging remote desaturation of aliphatic alcohols.6,7

In 2012, Baran introduced an innovative method for remote
C−H desaturation of aliphatics using an aryl triazine tether
(Scheme 1a).8 This approach utilized a tether containing an
aryl radical hydrogen abstracting group that, due to its
geometric configuration, preferentially facilitates γ-C−H

HAT at the tertiary sites.9 The reaction involves the formation
of a translocated radical10−12 followed by radical oxidation
using stochiometric oxidant. In 2019, an elegant silicon
auxiliary13,14 enabled photoexcited Pd-catalyzed remote
desaturation of alcohols (Scheme 1b).15 The hybrid Pd−
radical nature of this protocol enabled the efficient
functionalization of different unactivated C−H sites. However,
the reaction suffers from the need to use a 10 mol % loading of
palladium salt together with expensive phosphine ligand.
Importantly, the method also suffers from the necessity to
use the highly sensitive and difficult to handle dimethyl-
(iodomethyl)silane tether for secondary and tertiary alcohols.
Inspired by the pioneering work of Gevorgyan,13,15−17

Zhang,18,19 and Ackermann20 and our previous work,5,21 we
sought on the development of a mild base-metal-catalyzed
alcohol desaturation (Scheme 1c).
Cobaloxime catalysis,22 which mimics the action of vitamin

B12,
23,24 offers an intriguing method for the desaturation of

aliphatic compounds.25−27 This approach leverages its unique
ability to convert carbon-centered radicals into the correspond-
ing olefins with high efficiency under mild conditions. These
vitamin B12 mimics have already demonstrated significant
potential in facilitating these challenging desaturation reac-
tions.21,28−34

We began our study by using naturally occurring
(−)-menthol as a model substrate for desaturation. Initially,
we introduced a diisopropyl(iodomethyl)silane tether, com-
monly employed in Pd-catalyzed transformations. To our
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Scheme 1. Radical Remote Desaturation of Alcohols
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delight, using 5 mol % Co-1 as a single catalyst along with an
organic base (condition A) produced the desired product 2a as
a single regioisomer in 70% yield. (Scheme 2) This result

suggests a more efficient and sustainable alternative to the Pd/
ferrocene-based phosphine catalytic system.15 The reaction
initiates with the conversion of Co-1 to the corresponding
[Co]III−H species under visible-light irradiation, followed by
the formation of the supernucleophilic [Co]I species.21 The
reaction proceeds via an SN2 mechanism on the alkyl iodide
moiety.
To avoid the multistep synthesis associated with diisopropyl-

(iodomethyl)silane and handling difficulties of the highly
sensitive dimethyl(iodomethyl)silane, we explored using the
commercially available and air-stable dimethyl(bromomethyl)-
silane. However, under condition A, the reaction of 1b to give
2b did not proceed due to the lower reactivity of the alkyl
bromide 1b compared to the alkyl iodide substrate 1a in the
SN2 pathway. Therefore, we tested the possibility of using an
additional organic photocatalyst35−37 to generate the silyl
methyl radical, which could be trapped by the in situ-generated
[Co]II species. To our delight, using just a 2 mol % loading of
the organic dye 4CzIPN along with Co-2 (condition B) led to
the TMS-protected isoeugenol 2b as a single regioisomer in
80% yield. Additionally, subjecting the iodo substrate 1a to
reaction condition B afforded the desaturated product 2a in
95% yield (Scheme 2).
After establishing optimal conditions using naturally

occurring menthol, we investigated the generality of the
developed catalytic system (Scheme 3). In general, we focused
on the use of the commercially available dimethylsilyl tether.
However, in some cases we observed slightly higher yields or
selectivity when the diisopropylsilyl derivative was used. We
began by examining a range of alcohol substrates (1c−1i) that
possess a single tertiary Hγ site and lack of tertiary Hβ or Hδ
positions. Various primary and secondary alcohols underwent
exclusive γ-/δ-desaturation, yielding their respective homo-
allylic derivatives in moderate to very good yields (2c−2i).
Notably, the reaction tolerated alcohol derivative 1f, which
contains an additional unsaturation site. Subsequently, to study
the competitive selective C−H abstraction and the subsequent
cobaloxime-catalyzed desaturation, we tested several challeng-
ing substrates with various competitive C−H sites. Desatura-
tion of substrate 1j, which has both secondary and tertiary Hγ
sites, led exclusively to the formation of a tertiary radical and

the subsequent γ-/δ-desaturation product 2j in a good yield. In
the case of substrate 1k, which has different tertiary Hγ sites, a
mixture of regioisomers was formed, favoring HAT at the
cyclic position. Importantly, competition between 1,5-HAT
and 1,6-HAT in alcohol derivatives 1l and 1m produced γ-/δ-
desaturation products with a very high regioselectivity.
Substrates 1n and 1o, which have competitive tertiary Hδ
sites along with tertiary Hγ sites, reacted exclusively at the γ-
C−H sites, yielding 2n and 2o in good yields (56−70%).
Additionally, tertiary alcohol 1p was found to be compatible
with our desaturation method.
After developing a highly regioselective protocol for

converting alcohols with Hγ sites to the corresponding
homoallylic alcohols, we aimed to extend this method to
alcohols lacking Hγ sites. We investigated the desaturation of
different secondary and tertiary alcohols bearing isopropyl
units to produce the corresponding valuable allylic alcohols
2q−2u. The β-/γ-desaturation process, involving the abstrac-
tion of β-sites, occurs via 1,5-HAT. It is worth noting that the
hydrogen abstraction from tertiary Hβ site is more favorable
than from the secondary Hγ and the tertiary Hδ, as shown in
the model examples 2r−2u. Next, we explored the possibility
of more challenging distal δ-/ε-desaturation. The secondary
and primary alcohols 1v and 1w underwent selective δ-/ε-
desaturation, yielding desaturated alcohols 2v and 2w in
moderate yields. Based on the experimental results, our radical
desaturation protocol strongly favors the abstraction of tertiary
hydrogen atoms at β, γ, and δ over the secondary hydrogen
atoms. In addition, the direct competition between the alcohol
substrates 1m, 1n, and 1s possessing 3° C−H sites and bearing
the same silyl tether enables us to conclude the following
preference: 1,6 HAT of Hγ ≫ 1,5 HAT of Hβ > 1,7 HAT.
Finally, an additive robustness study38 was conducted on the

reaction of 1b to give 2b to assess the tolerance of various
reactive functional groups. Representative examples demon-
strate that the desaturation process uniquely accommodates
the presence of aromatic amines, aryl bromides, aldehydes, and
ketones with minimal impact on the yield or selectivity
(Scheme 3).
To gain deeper insight into the preference for 1,6-HAT

regioselectivity, we proceeded with the modeling of saddle
points for a series of model substrates that present a varied
catalog of HAT events (Figure 1). In this sense, calculations
were performed at the PBE0+D3/TZVP//BP91/SVP level of
theory in acetonitrile solvent (see the Supporting Information
(SI) for details). Cases a and b show the preference of 1,6-
HAT events (red) over 1,5- and 1,7-HAT events (blue),
respectively, in tertiary radicals. Since kinetic control
determines the preference for the obtained regioisomer in
the desaturation process, the transition state (TS) for 1,6-
versus 1,5-HAT is favored by 1.0 kcal/mol in case a, and the
TS for 1,6- versus 1,7-HAT is favored by 2.6 kcal/mol in case
b, entailing calculated regioisomeric ratios of 84:16 and 99:1,
respectively. Case c analyzes the competition for HAT between
tertiary and secondary radicals, with 1,6-HAT in both cases,
showing a preference for 3° Hγ over 2° Hγ by 2.3 kcal/mol,
which leads to a theoretically estimated regioisomeric ratio of
98:2. In all cases, calculated Boltzmann populations are in
good agreement with the experimental results obtained for
these substrates.
To understand the nature of this stabilization at the

thermodynamic level, we observe that in all cases 1,6-HAT
presents a lower enthalpy variation than 1,5- and 1,7-HAT (see

Scheme 2. Remote Desaturation of (−)-Menthol
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the SI for details). On the other hand, in cases b and c we find
a more favorable entropy variation for 1,6- versus 1,7-HAT and
3° Hγ versus 2° Hγ, respectively. Although in case a a greater
disorder is computed for 1,5- versus 1,6-HAT, the TS
characterizing 1,5-HAT presents higher angular stress than
that for 1,6-HAT. In this sense, the angular stress between 1,6-
and 1,7-HAT TSs, whatever the nature of the carbon is (3° or
2°), does not play an important role, as it does in 1,5-HAT.
To gain further insight into the reaction mechanism, a series

of UV−vis measurements were performed. Initially, we
measured the UV−vis spectrum of the photocatalyst
4CzIPN, which displayed a strong π−π* intraligand transition

at 240 nm and a broad band between approximately 320 and
460 nm, representing both localized and delocalized charge
transfer regions (Figure 2, black curve).39

After the addition of Co catalyst and i-Pr2NEt, the
spectrum’s intensity increased due to the appearance of a
strong π−π* absorption transition at 250 nm from
cobaloxime.40 Upon irradiation under blue light, there is a
new appearance of a shoulder at 430 nm, which corresponds to
the ligand-to-metal charge transfer (LMCT) of [Co]II species
(Figure 2, blue curve). The formation of this [Co]II species
result from the quenching process of the excited state of
4CzIPN by cobaloxime. The subsequent introduction of a

Scheme 3. Remote Desaturation of Alcohols

a1 (0.2 mmol), Co-2 (0.01 mmol, 4.0 mg), 4CzIPN (0.004 mmol, 3.2 mg), i-Pr2NEt (0.2 mmol, 70 μL), CH3CN (2 mL), RT, 16 h. NMR yields
(1,3,5-trimethoxybenzene as internal standard) are given outside parentheses, and isolated yields are given in parentheses. bContains a minor
amount of hydrodehalogenation byproduct. r.r. is the regioisomeric ratio, and DIPMS is diisopropylmethylsilane
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substrate to the mixture led to the disappearance of [Co]II
species, indicating the formation of a [Co]III−substrate
intermediate (Figure 2, green curve). Further irradiation of
the complete reaction mixture resulted in stable UV−vis
spectra, indicating that the catalyst quickly achieved a steady
state, establishing an effective [Co]III/[Co]II cycle (Figure 2,
purple and yellow curves).
The plausible mechanism is illustrated in Figure 3. The

reaction mechanism involves two photocatalytic cycles, two
single electron transfer (SET) events, two hydrogen atom
transfer (HAT) steps, and a halogen atom transfer (XAT). The
reaction starts with the quenching of the excited photocatalyst
4CzIPN* with the cobaloxime catalyst, leading to the
formation of the 4CzIPN radical cation and [Co]II species.
The XAT of the substrate is enabled by α-amino radical A,
which is generated in situ from Hünig’s base and the 4CzIPN
radical cation.34 The carbon-centered radical C undergoes

internal HAT, leading to the formation of the alkyl radical D,
and subsequent trapping by the [Co]II results in the formation
of the alkylcobalt intermediate E. Under visible-light
irradiation, the cobalt species E undergoes radical-type β-
hydrogen elimination, resulting in the formation of the desired
unsaturated product and [Co]III−H. The reaction between the
imine salt B and the [Co]III−H leads to the regeneration of the
[Co]III species and Hünig’s base.
In summary, we have developed a mild and selective

catalytic remote desaturation method for aliphatic alcohols.
This approach utilizes two commercially available photo-
catalysts, 4CzIPN and cobaloxime, eliminating the need for
noble metals and complex ligands. DFT calculations indicated
a preference for 1,6-HAT over 1,5- and 1,7-HAT in tertiary
radicals with energy differences that correlate well with
experimental regioisomeric ratios. We believe that this method
overcomes limitations of previous approaches, providing a
promising new catalytic system for synthesizing valuable allylic
and homoallylic alcohols.
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