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Abstract: Formation of carbon-carbon bonds through cross-
coupling reactions using readily available substrates, like
alcohols, is crucial for modern organic chemistry. Recently,
direct alkyl alcohol functionalization has been achieved by
the use of N-Heterocyclic Carbene (NHC) salts via in situ
formation of an alcohol-NHC adduct and its activation by a
photoredox catalyst to generate carbon-centered alkyl radi-
cals. Experimentally, only electron deficient NHC activators
work but the reasons of this behavior remain underexplored.

Herein, a DFT computational study of the mechanism of
alcohol activation using up to seven NHC salts is performed
to shed light into the influence of their electronic properties
in the alkyl radical formation. This study demonstrates that
four reaction steps are involved in the transformation and
characterizes how the electronic properties of the NHC salt
affect each step. A fine balance of the NHC electron-richness
is proved to be determinant for this transformation.

/

Introduction

Modern-day chemical synthesis is supported by carbon-carbon
bond formation as one of the key reactions in organic
chemistry. The relevance of this transformation is clearly
supported by the uninterrupted exploitation of known ap-
proaches and the proliferation of new and improved
methodologies.” This has allowed the direct assemble of
organic fragments to yield a wide range of substrates. As such,
cross-coupling reactions are still the most reliable and reprodu-
cible methodology for C—C and C-heteroatom bond
formation,” taking advantage of a plethora of carbon scaffolds
as versatile building blocks to prepare high-value compounds.”
In addition, the advent of photoredox catalysis as a reliable and
straightforward strategy to generate open-shell intermediates
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under mild conditions has increased the ability to generate a
variety of carbon-centered radicals as coupling partners.” Thus,
sp>-based substrates have become prominent precursors for
cross-coupling transformations™ and hence, they can be used
as a reliable carbon source for state-of-the-art chemical
synthesis.”

Despite of the notable advances that have been reached in
different types of cross-coupling reactions,”® the development
of new and versatile coupling partners continues to be a topic
of interest” This has been usually performed through the
gradual incorporation of commercially available substrates in
cross-coupling reactions." Since the initial discoveries in cross-
coupling in the early 1970s by Kumanda, Kochi, Corriu and
Murahashi,""" many different organic electrophiles have been
successfully employed in these transformations. Initially, organo
iodides/bromides were broadly used due to their high
reactivity.

However, the development of modern catalytic systems has
paved the way for the introduction of alternative and less
reactive cross-coupling electrophiles. For instance, aryl
chlorides™ as well as fluorides™ were first reported, followed
by O-containing organic compounds including alkenyl/arenyl
triflates," sulfonates”™ and phosphonates.'® Despite of the
noteworthy development in Pd-catalyzed cross-coupling of C—O
electrophiles,"” the direct C—O activation of O-based electro-
philes remained challenging due to the inert character of the
C—0 bond. This was a critical drawback of this reactivity as a
wide variety of esters, ethers and alcohols that are abundantly
produced in industrial applications could not be used in these
transformations. Clearly, with new methodologies, these sub-
strates could become powerful cross-coupling electrophiles,
especially alcohols, which perfectly match the criteria to be
used in these reactions due to their high synthetic versatility,
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low price and large abundance. Indeed, alcohols have been
already included in some similar reactions even if they require
pre-functionalization steps."® This led to a situation in which,
even if the use of alcohols in cross-coupling reactions was
greatly desirable, their direct activation remained mainly under-
explored.

This challenge was addressed by MacMillan and co-workers,
by reporting an unprecedented dual (Ir/Ni) catalytic strategy for
the C,—C,’> bond-formation using commercially available
alcohols (Figure 1, B)."” This innovative metal-catalyzed cross-
coupling procedure was a starting point for a new type of
synthetic procedures that greatly increased the range of C—C
bond-forming transformations. This represented a significant
advance in cross-coupling methods since previously the alcohol
substrate required a pre-activation step and did not tolerate a
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Figure 1. Generation of C-centered radicals from NHC-alcohol adducts (A).
Experimental conditions for deoxygenative arylation of alcohols (B). This
work: DFT study of alkyl radical generation from alcohols of seven distinct
NHC salts (C).
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great number of alkyl substrates.?” The direct activation of

alcohols allowed for the introduction of common N-heterocyclic
carbene (NHC) salts®" (Figure 1, A). In these reactions, NHC salts
act as an effective C5p3—OH activating agent that enables a
unique direct deoxygenative coupling using primary, secondary
and tertiary alcohols in one pot. Since then, a number of new
strategies using NHC salts such as deoxyfluorination of
alcohols®™ as well as C,;>—C,’ cross-coupling of alcohols and
carboxylic acids'® have recently appeared (Figure 1, A).

Over the past decades, density-functional theory (DFT)
calculations have been employed to unveil mechanistic insight
into reactions involving transition-metal-catalytic systems.”*?
This methodology allows to obtain the guiding principles for
such reactions aimed at understanding the underlying mecha-
nisms as well as at improving the reaction efficiency. Under this
scenario and taken into account our interest in photoredox
catalysis reactivity during the last years” we aimed to
comprehensively study the mechanism of the photoredox-
mediated alcohol-NHC activation (Figure 1, B), exploring sys-
tematically up to seven different NHC salts to understand the
effect of the electronic properties in the kinetic and thermody-
namic profile of the reaction.

Herein, we present a DFT computational study for the
evaluation of the influence of NHC on the carbon radical
generation from NHC-alcohol adducts, that then undergoes Ni-
catalyzed arylation reactivity (Figure 1, C). We focused on the
radical generation step which is the one influenced by the
nature of the NHC salt.

Results and Discussion

The proposed reaction mechanism is depicted in Figure 2, A.
First, the alcohol undergoes a nucleophilic attack on the most
electrophilic carbon of the NHC salt forming an adduct and
releasing one proton to the pyridine, which acts as a base.
Then, this intermediate can be oxidized by the [Ir'"] photo-
catalyst, as demonstrated by Stern-Volmer quenching experi-
ments. The oxidized radical cation increased the acidity of the
NHC proton that can be again deprotonated by the base to
form the unstable carbon radical, surrounded by three heter-
oatoms. Finally, this intermediate can evolve through a (-
scission to form the stable aromatized carbamate and the
carbon-centered alkyl radical. It was also proved that only very
electron deficient NHC salts worked in this transformation and
was hypothesized that the reason was the stable adduct
formation (Figure 2, B). In order to shed light on the different
steps of the reaction, we have explored the detailed mechanism
of this transformation by means of Density Functional Theory
calculations (see Supporting Information for computational
details)?® to unravel the key parameters that favors the
reactivity of NHCs. We aim to analyze the influence of the
electronic properties of different NHCs in all the steps of the
reaction mechanism and we will show that the electron richness
affects differently in every elementary step of the mechanism.
To obtain further insight into the operational mechanism of
the NHC adduct formation, we first examined the full mecha-
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Figure 2. Proposed mechanism for alkyl radical formation from alcohols (A).
Set of NHCs carbene salts employed by MacMillan and also used in this
study (B).

nism of NHC,, which shows a good experimental performance
(Figure 3). The mechanism starts with the concerted nucleo-
philic attack of the alcohol to the electrophilic NHC imine
moiety through TS1 with a low barrier of 19.1 kcal/mol, likely
due to the stabilizing 7t stacking interactions that can appear
between the pyridine and the aromatic ring. This allows the
concerted deprotonation by the pyridine due to the aromatic
ring spatial position in which the nitrogen of the pyridine
abstracts the hydrogen of the alkyl alcohol (R—OH) at a distance
of only 1.07 A. We also explored the step-wise process but the
direct deprotonation of the alcohol by the pyridine base to
form 8 was found prohibitively energetic (43.1 kcal/mol) making
this pathway clearly unfavorable. After intermediate 3 is
generated, the excited Ir-photocatalyst is able to oxidize this
species affording the o-amino radical 4 (—0.6 kcal/mol).
Although we did not calculate the electron transfer barrier, we
assume a low barrier based on related metal-based photoredox
catalytic systems.”¥ This cationic intermediate is formed
through a slightly endergonic process (AGgr=2.1 kcal/mol).
The a-hydrogen atom is now more acidic due to the proximity
to the positive charge and the electro-withdrawing environ-
ment caused by both the oxygen and nitrogen neighboring
atoms.

In the next step, pyridine acts as a base to abstract this
acidic a-hydrogen atom reaching TS2 (16.1 kcal/mol).””” Once
intermediate 5 is formed, it rapidly progresses into a carbamate
via [-scission as a by-product 6 and yields the required
desoxygenative alkyl radical 7 in a highly exergonic process due
to the C=0 formation. More specifically, looking at the C—O
distances of 5, TS3 and 7, we noticed how the single C—O bond
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(1.34 A in 5) is shortened in TS3 (1.25 A) to finally become a
double bond in 7 (1.20 A), being this transformation the driving
force of the process. In this way, the carbon-centered radical
can be accessed exergonically (AG°= —28.5 kcal/mol) based on
a four step-reaction: formation of NHC activated alcohol, SET,
deprotonation and f3-scission.

With this mechanistic picture in mind, we next sought to
explore the energy profiles of the set of other 4 NHC salts that
had been tested experimentally. Also, as a computational
experiment, we slightly modified the N-aryl benzoxazolium
skeleton introducing —CN and —OMe groups in the phenyl
backbone of the good performing N-aryl benzoxazolium salt in
order to evaluate the influence of highly donating and highly
electron withdrawing groups (NHC;, NHC,, Figure 4, A).

Therefore, by using these additional NHC salts, we were
able to evaluate the impact of the electronic properties in the
two extreme cases for each step of the alkyl radical generation
process: NHC, acts as the most electron donating and NHC; as
the most electron withdrawing NHC salts employed for this
study. A detailed description of the five different kinetic and
thermodynamic reaction parameters is provided in Figure 4, B,
to understand the large variability of the NHC influence in the
reaction outcome. This includes:

- NHC adduct formation thermodynamics (red circle, 1).

- NHC adduct formation kinetics (yellow circle, 2).

- Oxidation of NHC-alcohol adduct by the [Ir'"] photocatalyst in
the excited state (blue circle, 3)

- Span free energy activation barrier of the whole process
(purple circle, 4).125%

- Free energy difference between reactants and products
(green circle, 5)

With an operationally computational outline in hand, we
next explored the energy profiles for the remaining body of
NHCs carbene salts proposed. After analyzing the first transition
state values we noticed that, as proposed before, the more
electron deficient the NHC salt is, the lower the first activation
free energy barrier and the more stabilized the NHC-alcohol
adduct will be (Figure4, B, 1 and 2). For example, the
comparison between the electron rich NHC, and the electron
deficient NHC, shows a significant difference in the adduct
barrier formation (4 7.5 kcal/mol higher for the electron rich
NHC,). This electronic effect also has a direct impact on the
alcohol-adduct stability. Thus, only those NHC adducts gener-
ated from electron deficient NHCs can be formed exergonically
(NHC,;, NHC, and NHC,). However, this stabilization should be
moderated as in NHC, (—0.4 kcal/mol) and in NHC, (—2.0 kcal/
mol). Otherwise, a highly stabilized NHC adduct as in NHC,
(—13.9 kcal/mol) will hamper the next steps of the reaction
mechanism. We have also examined the highest barrier of
radical generation along all the reaction profiles via the
energetic span model (AG®,,,) as a straightforward manner to
calculate the catalytic efficiency (See Figure S3 and S4 of the
Supporting Information for further details). For those NHC salts
sharing a similar core (NHC;, NHC, NHG; and NHC,), the AG®,,
corresponds to the first transition state barrier (18.4, 19.1, 28.1,
21.7 kcal/mol). In the case of NHC, the AG®y,,, (29.7 kcal/mol) is
located in the second transition state of the reaction profile,
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Figure 3. Free energy profile of radical generation via Ir-photoredox cycle. Values in kcal/mol. Bond distances in angstroms.

when the deprotonation step with pyridine takes place. For
NHC,, the overstabilization of the oxidized intermediate and the
comparatively higher B-scission implies that the AG°y,,
(27.1 kcal/mol) takes place between those two points. Finally,
the AG®,,, for NHC; (24.1 kcal/mol) comes from the deprotona-
tion due to the low electron density of the oxidized
intermediate.

Then, the Single Electron Transfer step from the [Ir"] excited
photocatalyst can only evolve from relatively electron-neutral
NHC alcohol adduct like NHC, and NHC, as observed
experimentally. If the system is too electron deficient, like in
NHC;, the oxidation is too endergonic (+ 14.0 kcal/mol) and if
the system is too electron rich (NHC;, NHC; and NHCg), the
overstabilization of the oxidized adduct considerably increase
the free energy span of the whole profile with barriers above
27 kcal/mol. Finally, we found the alkyl radical formation to be
exergonic for the whole set of NHC candidates considered.
However, we found remarkable differences between some of
NHC salts selected (Figure 4 B, 5). Taking into consideration all
the commented effects, best results could be achieved with
NHC salts with a slightly exergonic NHC adduct formation,
followed by a thermodynamically accessible oxidation step.
Besides, preparing new NHC salts with substituents leading to

Chem. Eur. J. 2023, 29, e202301406 (4 of 6)

very high or very low values of electron density would not be
appropriate for the alkyl radical generation.

Conclusion

A comprehensive analysis of the radical generation mechanism
from alcohols and NHC salts has been carried out by means of
DFT calculations. The results show that this process is divided
into four mechanistic steps: a first activation step to form the
NHC-adduct, an oxidation step of this adduct via the excited
state of Ir(lll) photocatalyst, a deprotonation, and a final (-
scission to yield the final alkyl radical. The evaluation of
different NHC salts stress the effect that the electronic proper-
ties of NHC backbone has on reactivity. The AG® for the NHC
adduct formation increases with more electron deficient NHCs.
Conversely, the most electron rich NHC salts feature lower
values for AG® in the oxidation step. This means that radical
generation can be achieved only employing those NHC salts
possessing balanced electronic properties, that is, sufficient
electron deficiency to facilitate the adduct formation, but
enough electron density to undergo oxidation with the photo-
redox Ir catalyst. We hope this work will help in the develop-
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ment challenging alcohol substrate activation and further
studies are ongoing in our group to understand the whole
catalytic cycle of the transformation.

Computational Method

All Density Functional Theory calculations were carried out using
Gaussian 16°% program package. All the structures were optimized
using wB97xD functional combined with the Def2SVP basis set.?"
Besides, a single point calculation employing M06 functional ®% and
Def2TZVPP basis set were performed to further refine the potential
energies.’* Parameters for thermal correction were obtained from

Chem. Eur. J. 2023, 29, e202301406 (5 of 6)

the frequency calculation. Solvation was included in both optimiza-
tions and single point calculations using the SMD implicit solvent
(n.n-Dimethyl Acetamide) model.?® 3D structures were illustrated
using the CYLview 1.0 program.®*
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