Diradical Generation via Relayed Proton-Coupled Electron Transfer
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ABSTRACT: Diradical generation followed by radical-radical cross-coupling is a powerful synthetic tool, but its detailed mechanism
has yet to be established. Herein, we proposed and confirmed a new model named relayed proton-coupled electron transfer (relayed-
-PCET) for diradical generation, which could open a door for new radical-radical cross-coupling reactions. Quantum mechanics
calculations were performed on a selected carbene-mediated diradical cross-coupling reaction model and a designed model, and the
exact electronic structural changes during the radical processes have been observed for the first time.

1. INTRODUCTION

Once dismissed as unselective and suitable only for initiating
polymerization, in recent years there has been enormous
progress towards taming free radicals for applications in target
synthesis'. Critical to their success, has been the development
of powerful but highly selective methods for radical generation,
particularly using photochemistry®!!, electrochemistry'>4,
organic super-electron donors'?, and transition metal catalysis'®
'8, Nonetheless, the discovery of new strategies of radical
generation'®? particularly under light-free, electricity-free,
metal-free conditions, remains crucial. Organocatalysis,
particularly involving N-heterocyclic carbenes (NHCs), shows
promise approach for realizing radical generation and radical-
radical cross-coupling”®**. However, to develop this chemistry,
a greater understanding of how they mediate electron transfer is
critical.

NHC-catalyzed radical reactions involving single electron
transfer (SET) processes have been significantly developed
experimentally, but the detailed mechanism of the radical
generation process remains uncertain. Since Studer and co-
workers reported that a SET reaction can happen between the
Breslow  intermediate and the oxidant  2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) in 2008%, a series of
radical-radical cross-coupling reactions involving C—C bond
formations through the recombination of in situ generated
radicals have been reported, and this has greatly promoted the
development of NHC catalysis. Notably, Chi and co-workers
reported an excellent example of carbene catalyzed reductive
coupling of nitrobenzyl bromides and activated ketones®.
Subsequently, Ohmiya and co-workers contributed a series of
NHC-catalyzed cross-coupling reactions of aldehydes and N-
hydroxyphthalimide (NHPI) esters®>*, Recently, Hong and co-
workers reported the NHC catalyzed cross-coupling reaction
between aldehydes and Katritzky pyridinium salts’’. The
stepwise SET process was commonly proposed in these
experimental reports. However, other pathways for diradical
generation from the non-radical substrates should be also
possible in theory.

Herein, we use theory to uncover a new model for NHC-
catalyzed radical reactions, in which a diradical is formed from
two non-radical substrates by single-electron transfer in concert

with proton transfer. This is reminiscent of standard proton-
coupled electron transfer (PCET)***! except that it is effectively
a three-component system in which one non-radical component
receives an electron from another non-radical source, while it
simultaneously transfers its proton to a weakly coordinated base
(Scheme 1a). Because the electron donor D (which we call here
the substrate Sub) and acceptor A (which we call the oxidant
Ox) are both initially non-radical species, PCET in this case is
accompanied by a shell change, thereby forming an open-shell
singlet diradical species that can then undergo radical
recombination to afford the cross-coupled product. The overall
process, which we refer to as relayed-PCET is shown in
Scheme 1. In the first stage of relayed-PCET depicted in
Scheme 1b, the driving force of the electron transfer from Sub
to Ox is the proton transfer from Sub to the base. In the second
stage the open-shell singlet intermediate undergoes radical-
radical recombination to construct a new C—C bond.
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Scheme 1. (a) Conceptual Difference between Standard PCET
and Relayed-PCET. In Relayed-PCET, D and A Are Both
Initially Non-Radical Species, and B Is a Base Remotely
Coordinated to A. (b) Proposed Relayed-PCET Mechanism and
Its Use in Cross-Coupling. Here [Sub] Corresponds to the
Donor D in Part (a), [Ox] Corresponds to the Acceptor A, and
Both Are Initially Non-Radical Species.

While radical reactions involving the transformation from the
closed-shell molecules to the radicals are well known*>*, this
relayed-PCET model is distinctive in that it requires the



presence of a base to facilitate the proton transfer component.
Although the concept of a relayed proton in PCET reactions has
been significantly discussed in the previous references,***! to
the best of our knowledge, a model for the simultaneous
generation of diradicals from the closed-shell molecules has not
yet been confirmed in these reactions.

For validating our model, we first selected the carbene-
catalyzed oxidative radical-radical cross-coupling reaction
between R1 and R2 depicted in Scheme 2 as a case study™.
Based on our previous experience’> 3, we then designed a new
diradical generation model employing TEMPOH as proton and
electron donor based on the relayed-PCET concept, to
demonstrate its broader applicability. In these NHC-promoted
radical reactions, nucleophilic attack of the NHC to the
aldehyde forms the Breslow intermediate, which reacts with
oxidant and base to form two radicals that undergo diradical
cross-coupling to generate the final product. However, it
remains unclear as to whether the deprotonation by base and
electron transfer to oxidant are stepwise or concerted. To
address this question, quantum mechanics calculations were
performed on a carbene-mediated diradical cross-coupling
model, and the accompanying changes in electronic structure
during the radical processes have been reported for the first
time, revealing this its underlying relayed-PCET mechanism.
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Scheme 2. Case Study in the Present Work: NHC-Catalyzed
Oxidative Radical-Radical Cross-Coupling®®. The Content in
Red Box Shows Gibbs Free Energy Change of the
Transformation from NHCeH* to NHC.

2. COMPUTATIONAL DETAILS

The geometries of the stationary points and frequencies (1 atm,
298 K) were optimized using M06-2X*® functional with 6-
31G(d,p) basis set in dimethyl sulfoxide (DMSO) solvent using
the integral equation formulation of the polarizable continuum

model (IEF-PCM)*"*®, The free energy was obtained at the
MO06-2X/6-311++G(d,p)/IEF-PCM(DMSO)//M06-2X/6-
31G(d,p)/IEF-PCM(DMSO) level using the Gaussianl6
program®. Other DFT methods and basis sets were also
employed to test and ensure the reliability of the selected
computational method, and the computed results were
summarized in Table S1 of Supporting information (SI). The
minimum energy crossing point (MECP) has been located using
the program of sobMECP®, which based on the work of
Harvey®' and Robb®,

Since explicit solvents are often important for organic reactions
involving proton transfer®®, we also constructed an explicit
solvent model containing 50 DMSO solvent molecules for the
open-shell transition state *TSm of case study 2 (vide infra).
The explicit solvent model was constructed by using Packmol
software®, and studied ~with  ONIOM(MO06-2X/6-
311++G(d,p):UFF)//ONIOM(M06-2X/6-31G(d,p):UFF)
computations. All reaction partners and two DMSO solvent
molecules in included in the quantum mechanical region, were
carried out in the Gaussian program. The calculated results
demonstrate that the difference between the energy barriers of
the explicit solvent model and the implicit model is only 1.7
kcal/mol (See Table S2 of SI), indicating that the selected
computational method should be reliable. In a similar vein, we
also considered the effect of adding Cs® metal cation
coordinated with solvent DMSO (See Table S3 of SI) for PCET
steps of case studies 1 and 2. The computed energy barriers are
relatively unaffected by the presence or absence of Cs*, thus
supporting the computational models and results.

Finally, it should be noted that for simplicity we neglect nuclear
quantum effects, which are known to be important in PCET
reactions®®, and, while tunneling complicates the
representation of the reaction coordinate®””!, it is not expected
to affect the qualitative conclusions.

3. RESULTS AND DISCUSSION

Case Study 1: NHC-Catalyzed Cross-Coupling. Initially we
studied the NHC-catalyzed oxidative radical-radical cross-
coupling reaction in Scheme 2.3 The full system with the 2,6-
diisopropylphenyl substituent and the cycloheptyl ring was
computed in the energy profiles. Initially, NHC*H" of the pre-
NHC can be deprotonated by base CO;*", in turn obtained from
the dissociation of additive Cs,CO;. This affords the base
HCOs™ and NHC catalyst with a Gibbs free energy change of -
18.4 kcal/mol (Scheme 2). The free energy profile of the most
energetically favorable pathway for the selected NHC-
catalyzed reaction depicted in Figure 1.
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As shown in Figure 1, a Breslow intermediate involved in M2
can be formed through nucleophilic addition and base assisted
[1,2]-proton transfer transition states TS1 (AGH = 134
kcal/mol) and TS2 (AG*= 6.4 kcal/mol). This then reacts with
R2 to form the three-component complex M3. Formation of this
complex is promoted by a 7...m stacking interaction (~3.50 A,
Figure 2) between the donor and acceptor, which also provides
the m orbital overlap necessary for the subsequent electron
transfer. Consistent with previous reports’>’, this =...n
stacking interaction helps to facilitate the electron transfer.
These favorable interactions compensate the entropy lost upon
complex formation such that, even at 60 °C, the overall
equilibrium constant for formation of M3 from the three
isolated components (i.e., Breslow, R2, and HCO;~, Scheme S2
of SI) is 5.7 x 10% M? and its estimated concentration
associated with the literature experimental conditions®® is 2.7 x
10° M.
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Figure 2. Optimized structures of intermediate M3 and *TS3.
Yellow, blue, red, gray, and white balls represent S, N, O, C,
and H atoms, respectively, and the same settings were used as
follows.

From M3, we located a PCET pathway through a concerted
open-shell singlet transition state *TS3 (AG*elayed-pcer = 11.9
kcal/mol) to generate radicals 2M4 and 2MS5. This pathway can
be compared with the alternative stepwise deprotonation and
SET pathway from the same 3-component complex M3 (See

Figure 3). In the stepwise process, deprotonation occurs via
transition state TS8 with an energy barrier of 5.1 kcal/mol. The
two radicals 2M4 and 2M5 can then be generated via an MECP,
which is the point at which the open-shell singlet and triplet are
degenerate (Figure 3). As a non-stationary point, the free
energy of MECP is difficult to determine, but we can compare
the 0 K non-zero-point corrected energies of the (stepwise)
MECP and (concerted) open-shell singlet transition state as
both are unimolecular reactions ultimately originating from
M3. The MECP is 19.2 kcal/mol higher than that of
intermediate M3, while the concerted *“TS3 is only 12.8
kcal/mol above M3 (which is close to its free energy barrier of
11.9 kcal/mol). In other words, the stepwise proton transfer and
SET (PT-ET) pathway is 6.4 kcal/mol higher than the energy of
the alternative concerted transition state, which in turn is a good
approximation to their free energy differences. In addition, the
Gibbs free energy change for the first SET step of the stepwise
SET and proton transfer (ET-PT) pathway is also high (24.2
kcal/mol, Scheme S3 of SI), so this stepwise pathway can also
be excluded. Therefore, the relayed-PCET process is more
energetically favorable than the stepwise pathway.



(a)
AG (kcal/mol)
AE (kcal/mol)

(AE(MECP-M3)=19.2)
x MECP

TETM

TS8

6No

M10 M5

5.5

[,

2m4

38 -7
M3

N N
PT \ SET I

(b)

C1-C2=141A
C6-07 =1.24 A

C1=C2=1.36 A
C6=07=120A

MECP

Figure 3. (a) Energy profile of the possible stepwise PT-ET
pathway. (b) Optimized structures of intermediate M10 and
MECEP highlighting the increase in the C1=C2 bond length of
the donor and C6=07 bond length of the electron acceptor.

Returning to the relayed-PCET mechanism in Figure 1, after
the electron transfer step, M4 undergoes N-O bond activation
via a doublet transition state *TS4 (AG* = 16.1 kcal/mol) and
then a decarboxylation occurs via transition state “TS5 (AG* =
0.9 kcal/mol). The energy barrier of the decarboxylation with
the presence of M7 via transition state 2TS5’ (Figure S3 of SI)
is calculated to be 2.4 kcal/mol without the zero-point and
thermal corrections, and the corresponding free energy
difference is negative (—0.8 kcal/mol), indicating that the
process should be barrier-less with the presence of M7. Finally,
the recombination of two radical intermediates M8 and M5
proceeds via an open-shell singlet transition state “TS6 (AG* =
12.0 kcal/mol), which is followed by the dissociation of the
NHC via transition state TS7 (AG* = 1.3 kcal/mol). The total
energy and Gibbs free differences between the open-shell
singlet and triplet diradical intermediates “*M9-F and *M9-F
(i.e., the cross-coupling precursor between M5 and *M8) are
0.7 and 0.1 kcal/mol (Figure S4 of SI), respectively, indicating
that the two radicals could be smoothly transformed to the open-
shell singlet. Moreover, we have additionally considered and
investigated the possible self-coupling pathway between two
M5 intermediates. The calculated results show that the relative
Gibbs free energy of the self-coupling product M5’ is 52.9
kcal/mol higher than that of the two 2M5 intermediates (Figure
S5 of SI), indicating that this pathway can be safely excluded.
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Figure 4. (a) Spin value changes of the M5-fragment and M4-fragment in the selected structures along the IRC results of open-shell
singlet transition state ®*TS3 and M3. (b) Spin value changes of the M5-fragment and M8-fragment in the selected structures along
the IRC results of open-shell singlet transition state *TS6 and M9.
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Figure 5. FMO overlap/interaction pictures of the selected structures along the IRC results of open-shell singlet transition state *TS3.
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Figure 6. FMO overlap/interaction pictures of the selected structures along the IRC results of open-shell singlet transition state *TS6,

M5, and *MS.

To further investigate the nature of the diradical generation and
combination of the two single electrons involved in the selected
radical-radical cross-coupling reaction, we have tracked the
spin population (spin) and frontier molecular orbital (FMO)
overlap/interaction changes along the intrinsic reaction
coordinate (IRC) results for the open-shell singlet transition
states “TS3 and *TS6. It should be noted that the spin values
of base HCO;™ are less than 0.01 in these structures. Figure 4
show the spin changes of the two fragments involved in the
selected structures along with the IRC coordinates of open-shell

singlet transition states *TS3 and °TS6, indicating that a
chemical change (i.e., base-assisted proton transfer or C-C bond
formation) generally occurs along with the electron transfer (or
diradical recombination).

As shown in Figure 5, one electron of HOMO(Breslow)
remains in the same MO, so the a-HOMO is similar to that of
HOMO(Breslow), while the other electron of
HOMO(Breslow) is transferred to the oxidant fragment
depicted in the B-HOMO pictures. As shown in Figure 6, the



two SOMOs of the two radicals overlap to form the C-C bond,
and their energies become more similar along the
recombination reaction, before finally becoming degenerate
and mixing to form the HOMO of M9. Furthermore, Figures 5
and 6 indicate that the single electron transfer and radical-
radical recombination involves the m orbital overlap between
the two parts.

Finally, we can also understand the role of the base in frontier
molecular orbital (FMO) theory terms. As shown in Figure 7,
the corresponding energy gap between the HOMO(Breslow)
and LUMO(R?2) is 4.01 eV, which is further reduced to 3.62 eV
in the presence of base HCO;~, indicating the electron transfer
can be promoted by the base. In addition, the electron transfer
between HOMO(R2) and LUMO(Breslow) is difficult due to
the large energy gap between them.
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Figure 7. The energy gaps (Unit: eV) of FMOs of Breslow and
R2 with or without the presence of a base. The structure
fragments were abstracted from the optimized intermediate M3.
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Figure 8. Energy profile of the relayed-PCET pathway of
TEMPOH (R3) model.

Case Study 2: Oxidation of TEMPOH by Relayed-PCET. In
order to demonstrate the generality of relayed-PCET, the model
reaction between TEMPOH (R3) and R2 depicted in Figure 8
with the presence of base HCO;™ was also studied. As shown in
Figure 8, the relayed-PCET process occurs through an open-
shell singlet transition state *TSm (4G = 26.6 kcal/mol), which
would lead to the formation of two radical intermediates
TEMPO and 2M4. As shown in Scheme 3, the Gibbs free
energy changes for the stepwise pathways (i.e., 43.7 and 34.9
kcal/mol) are extremely high, so we can safely exclude the
stepwise pathways.

(a)
R3 + Rp .AG =437 kcal/mol ﬁ @N

(b)

o)
_ AG = 34.9 kcal/mol \
R3 +HCo, 28=34.9 keallmol Spi calime QLNJL +  H,CO,
M3m

Scheme 3. Gibbs Free Energy Change for the First Step in the
Stepwise (a) ET-PT and (b) PT-ET Pathways of Case Study 2.
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Figure 9. (2) Spin value changes of the TEMPO-fragment and
M4-fragment in the selected structures along the IRC results of
open-shell singlet transition state *TSm and M1m. (b) The
energy gaps (Unit: eV) of FMOs of R3 and R2 with or without
the presence of a base. The structure fragments were abstracted
from the optimized intermediate M1m.




The spin population changes of the TEMPO-fragment and M4-
fragment in the selected IRC results of open-shell singlet
transition state *TSm are shown in Figure 9a. It can be seen
that the total spin on each fragment changes from 0 to £1 as the
O-H distance is increased, which is similar with the above
relayed-PCET process via open-shell singlet transition state
TS3. Moreover, the corresponding energy gap between
HOMO(R3) and LUMO(R?2) depicted in Figure 9b could be
reduced from 6.10 eV to 5.59 eV in the presence of base HCOs~
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to further promote the electron transfer. The FMO
overlap/interaction pictures are shown in the right of Figure 10,
which shows that the single electron transfer also occurs
through the « orbital overlap between the two fragments and the
other one keeps in the same orbital. Therefore, these obtained
insights could be valuable for the rational design of new a
family of radical reactions according to the novel relayed-PCET
model.
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Figure 10. FMO overlap/interaction pictures of the selected structures along the IRC results of open-shell singlet transition state

*“TSm.

3. CONCLUSION

In summary, the nature of diradical generation based on
relayed-PCET model has been scrutinized using quantum
mechanics simulations. This work provides a case study to
explore the concerted electron transfer and chemical change
using various theoretical analyses, including monitoring the
changes in spin population and FMO overlap along the IRCs of
the novel open-shell singlet transition states. FMO
overlap/interaction pictures prove that m orbital overlap is
critical for affording a channel for electron transfer. The
obtained insights are vital for appreciating the effectiveness of
organocatalytic radical-radical cross-coupling reactions and
should also be valuable for examining possible pathways for
other radical-radical reactions that involve diradical generations
and radical-radical cross-couplings.
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