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Abstract: Photocatalytic reactions involving a reductive
radical-polar crossover (RRPCO) generate intermedi-
ates with carbanionic reactivity. Many of these proposed
intermediates resemble highly reactive organometallic
compounds. However, conditions of their formation are
generally not tolerated by their isolated organometallic
versions and often a different reactivity is observed. Our
investigations on their nature and reactivity under
commonly used photocatalytic conditions demonstrate
that these intermediates are indeed best described as
free, superbasic carbanions capable of deprotonating
common polar solvents usually assumed to be inert such
as acetonitrile, dimethylformamide, and dimeth-
ylsulfoxide. Their basicity not only towards solvents but
also towards electrophiles, such as aldehydes, ketones,
and esters, is comparable to the reactivity of isolated
carbanions in the gas-phase. Previously unsuccessful
transformations thought to result from a lack of
reactivity are explained by their high reactivity towards
the solvent and weakly acidic protons of reaction
partners. An intuitive explanation for the mode of
action of photocatalytically generated carbanions is
provided, which enables methods to verify reaction
mechanisms proposed to involve an RRPCO step and to
identify the reasons for the limitations of current

methods.
J

Introduction

Within the last years, photocatalytic reactions involving a
reductive radical-polar crossover (RRPCO)!"! step were

reported by multiple groups. In an RRPCO a radical
intermediate is converted to an anionic species, thus bring-
ing the catalytic cycle back into the singlet spin-state while
retaining reactivity for subsequent reaction steps. This
allows the diversification of scaffolds obtainable by a single
photocatalytic reaction. C-C bond formation through radical
addition can be subsequently coupled to Grignard-type
reactions,”™ rearrangements,”) ElcB-type eliminations,”
and intramolecular Sy2 reactions® as depicted in Scheme 1.
Recently, reactions have been developed that focus espe-
cially on the generation of carbanions from easily accessible
precursors such as decarboxylative carbanion generation®
and C-H activation,?**'!! as well as carbanion generation
from C-NI'Z and C-O bonds," to allow Grignard-type
reactions, carboxylations, and isotopic labeling with up to
100 % atom economy. As RRPCO is a common step to close
photocatalytic cycles, Scheme 1 provides only some selected
examples. Other recent reactions proposed to proceed via
an RRPCO step include photocatalytic dearomatizations,!'*!
Giese-type reactions,™'* and electrochemical cross-electro-
phile coupling.'”! Often the carbanionic intermediate is not
explicitly mentioned if a catalytic cycle is closed by reduction
of a radical species to a carbanion with subsequent
protonation. These steps are then combined into a single
reaction step described as electron transfer/proton transfer
(ETPT) or as a stepwise proton-coupled electron transfer
(PCET).

Despite the vast number of reactions achieved with
classic organometallic carbanions such as Grignard" or
organolithium reagents,” intermolecular C-C bond-forming
reactions of photocatalytically generated carbanions seem to
be restricted to carbon dioxide, aldehydes, and ketones with
already noticeable drop in reaction yield from aldehydes to
ketones.P**1019% Approaches to react carbanions generated
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Step 1: Radical generation
Well known reactivity

A: Radical addition/RRPCO/E1cB elimination!”]
o}
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Step 2: Reductive Step 3: Subsequent
carbanion reactions
Products suggest

carbanionic reactivity

Direct evidence for
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Scheme 1. Selection of reactions proposed to involve a short-lived carbanionic intermediate. Abbreviation: RRPCO—reductive radical-polar

crossover. HAT — Hydrogen Atom Transfer

under previously reported conditions in intermolecular Sy2
reactions or Grignard-type reactions with esters or similarly
reactive electrophiles were generally unsuccessful. Here, we
explore the nature of photocatalytically generated carban-
ions in more detail to give a rationale for the difference in
reactivity compared to their organometallic analogs.

Results and Discussion
Evidence for Free Carbanions in Solution

The reports on reactions involving photocatalytically gen-
erated carbanions depicted in Scheme 1 provide clear
evidence for carbanionic reactivity. The usual control
reaction for distinguishing between a radical pathway and
carbanionic reactivity is the addition of D,O to the reaction
mixture, quenching the carbanion and incorporating deute-
rium at the respective position. Although this experiment
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provides evidence for carbanionic reactivity and generally
excludes a direct radical pathway, it does not provide
information about whether the carbanion is truly a free
carbanion or stabilized by some kind of interaction with a
species present in the reaction mixture. Even classical
organometallic reagents show a pronounced difference in
reactivity for different alkali and alkaline earth metal
compounds due to aggregation and ion pairing.”!! However,
a direct comparison of the reactivity in the same environ-
ment with organometallic reagents is not possible due to the
incompatibility of highly reactive organometallic compounds
with solvents generally used in photocatalytic reactions
generating carbanions. This incompatibility of classic orga-
nometallic reagents with high polarity solvents raised the
question why photocatalytic reactions proposed to involve a
carbanion were possible under these conditions. We found
that under absence of a suitable coupling partner for
carbanions the corresponding protonated species is formed
as the major product. When using CD;CN as solvent a high
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degree of deuteration at the benzylic position can be
obtained, depending on the electronic properties of the
carbanion formed, thus demonstrating that the solvent
indeed cannot be assumed to be inert. The addition of H,O
suppresses this deuteration while addition of D,O leads to
high deuteration even in non-deuterated solvents. The
degrees of deuteration for a selection of electronically
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different substrates is depicted in Scheme 2. d, describes the
number of deuterium atoms in the molecule, with the non-
deuterated molecule labelled with d,., A more detailed
description on the determination of deuteration degrees can
be found in the Supporting Information section 7.

The deprotonation of the only slightly acidic acetonitrile
C-H bonds (or C—D bonds) with a pK, of approximately 31
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Scheme 2. Deuterium incorporation into the benzylic position. Deuteration degrees are determined by '"H NMR spectroscopy and based on the
theoretically possible equivalents of deuterium that can be incorporated based on the mechanism (1 D per benzylic hydrogen of the substrate [2 D
per molecule] in C-H activation, 1 D per molecule in carbanion generation from trifluoroborates and carboxylates); photocatalyst 4c is formed in

situ from 4CzIPN (4b) and trifluoroborate 2a;?? *deuteration without D,0; "deuteration with 10 equiv. D,0; 0.5 equiv. of H,O added to provide
1 equiv. of protons; carboxylic acid with 1 equiv. Cs,CO; used instead of potassium salt, no D,O was added. RRPCO — reductive radical polar
crossover; HAT — hydrogen atom transfer; EWG — electron withdrawing group
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(dissolved in DMSO)™! by non-stabilized benzylic carban-
ions 1a-,1b", 1¢7, and 1f demonstrates that photocatalyti-
cally generated carbanions can be highly basic. It was
expected that compounds with higher C-H acidity would
generate less basic carbanions upon C-H activation. Indeed,
benzylic C-H activation of diphenylmethane (1d) and
fluorene (1e) to the corresponding carbanions 1d™ and 1e",
respectively, was achieved under standard reaction condi-
tions but only low D-incorporation was observed in dry
CD;CN, while deuteration was high in the presence of
10 equivalents D,O. Carbanions generated from carboxy-
lates and trifluoroborate salts follow the same trend with
high incorporation of deuterium into non-stabilized benzylic
carbanion 1f  and decreasing D-incorporation with better
stabilization of the negative charge, while D-incorporation
remains high in all examples in the presence of D,O. For
less reactive carbanions stabilized by electron withdrawing
groups (1g~) or an additional aryl group (1d-, 1e”, 1h")
under proton free conditions there is still moderate
deuterium incorporation into the product. However, the
lack of abstractable protons likely leads to regeneration of
the starting material by reaction of the carbanion with the
formed CO, or BF; which can then re-enter the photo-
catalytic cycle until either a deuteron is abstracted from
CD;CN or a proton from another source (e.g., residual
moisture). The reaction of carbanions generated under
similar conditions with CO, was reported previously® and is
also observed in the gas phase (see SI, Figure S13). More
comparable results are obtained if one equivalent of
abstractable protons is still present in the reaction mixture.
For carbanion generation from carboxylates this is achieved
by using the carboxylic acid and a mild base instead of a
carboxylate salt, which resembles a previously described
procedure for photocatalytic Grignard-type reactions.” For
trifluoroborates (2), 0.5 equivalents of water were added to
provide 1 equivalent of protons. If carbanions are generated
from C-H bonds the abstracted hydrogen atoms remain in
solution as hydrogen carbonate and silane thiol, thus a small
amount of acidic protons is always present under these
conditions. Proton (or deuteron) abstraction from the
solvent by stabilized carbanions 1g~, 1d", and 1h™ is mostly
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suppressed if acidic protons are present, while non-stabilized
carbanions are less selective and abstract protons (or
deuterons) from the solvent even in presence of substan-
tially more acidic protons. The difference in reactivity of
non-stabilized and stabilized carbanions towards moderately
acidic protons has important synthetic implications for
isotopic labelling, especially for tritium labelling where it is
desirable to quantitatively incorporate tritium from stoichio-
metric amounts of the tritium source into a target molecule
to minimize radioactive waste.”” Deprotonation of the
solvent also occurs in DMSO, DMF, and acetone. Potassium
trifluoroborate salt 2a was used as carbanion precursor
because trifluoroborates generate carbanions more reliably
under different reaction conditions, while carbanion gener-
ation from carboxylates is more sensitive to the reaction
conditions. In DMSO-d; as well as in acetone-ds the
corresponding 3,5-dimethoxytoluene (1f-d;) was produced
with high degree of mono-deuteration, similar to the out-
come in acetonitrile-d; (Scheme3) and in DMF-d;, a
moderate deuteration degree of 42% was observed. In
acetone the corresponding tertiary alcohol 7b was obtained
in similar amounts as the toluene derivative 1f-d,,
(Scheme 8, see below). Deprotonation of the solvent gen-
erates the corresponding solvent anion 5°. We could
indirectly detect this species formed from acetonitrile-d, in
the presence of 1equivalent D,0O. Under these reaction
conditions the deprotonated solvent was deuterated by D,0O
to form acetonitrile-d;, which was detected in the *H NMR
spectrum (see SI, Figure S31).

Comparison with Gas-Phase Reactivity of Isolated Carbanions

Next the reactivity of isolated/non-solvated carbanions
generated via collision-induced dissociation (CID) was
tested in the gas phase (Figure 1, see Supporting Informa-
tion section 6 for details). In agreement with the results
obtained under photocatalytic conditions in solution, non-
stabilized benzylic carbanions readily deprotonate a-posi-
tions of carbonyl and nitrile groups. Carbanions with addi-
tional stabilization by an electron withdrawing ester group

in deuterated solvent: in protonated solvent:

Deuteration degree:
In MeCN-d3: 87%
In DMSO-dg: 89%
In acetone-dg: 94%

In MeCN-do + Dzo:
MeCN-d; detected via
2H NMR spectroscopy

5 o
. N=C=CH,
BF3K ' _
s MeO ©| D" abstraction ! 5a
MeO PC f k. :
rom solven : D,0
Solvent
451 nm OoM '
OMe e OMe : Z D
2a 11 1f-d, 5 -

In DMF-d7: 42%

Scheme 3. Photocatalytically generated non-stabilized benzylic carbanion 1f is able to abstract a deuteron from acetonitrile-d;, DMSO-ds, DMF-d,,
and acetone-ds. MeCN-d, was detected by deuterium NMR spectroscopy when the reaction was performed in acetonitrile-d, in the presence of

D,0. PC—photocatalyst 4c is generated in situ from 4CzIPN (4b).*
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High reactivity towards MeCN in the gas phase
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Low reactivity towards MeCN in the gas phase
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Figure 1. Gas phase reactivity of carbanions generated via collision-induced dissociation (CID) with acetonitrile, and comparison with its solution
reactivity. Molecules are grouped into high reactivity towards deprotonation of MeCN and low or no reactivity towards MeCN. Molecules are
placed at the approximate pK, values of the respective conjugate acid, where values of the respective compound or closely related compounds in

DMSO are accessible. %%

(1g") on the aryl group or additional phenyl groups (1d-,
le”, 1h7) at the benzylic position did not deprotonate
acetonitrile in the gas phase. A strong drop in reactivity
under the photocatalytic conditions used to generate
carbanions in solution was also observed for all carbanions
with conjugated acids with a pK, close to or below that of
acetonitrile. Thus, basicity of carbanions generated under
photocatalytic conditions relative to acetonitrile is similar to
isolated carbanions in the gas phase.

In addition to qualitatively separating carbanions into
high and low reactivity towards acetonitrile, the deprotona-
tion in the gas phase showed a pronounced kinetic isotope
effect (KIE). Following KIEs for reactions with acetonitrile-
dy/d; were found: for anion 1f 6.5+0.5, for 1b™ 3.240.5,
for 1i- 3.0£1.0 and for 1¢~ 4.04+0.5, in agreement with their
relative pK, difference to acetonitrile.’”? The same experi-
ment with photocatalytically generated carbanion 1f in
solution with varying mixtures of acetonitrile-d,/d; resulted
in a KIE of 9.0. The theoretical KIE calculated at the
B97D3/Def2TZVP level of theory is 6.8 and, thus, in line
with the experimental values of 6.5 in the gas-phase and 9.0
in solution. Although exact pK, values cannot be derived
solely from KIE data and vice versa, the experimental
results of gas phase and solution KIEs are in the range
expected according to the Bell-Goodall curve revised by

Angew. Chem. Int. Ed. 2024, 63, €202400815 (5 of 14)

Bordwell and Boyle.”” Extensive studies on proton transfer
KIEs with photocatalytically generated carbanions are out-
side the scope of this work but the results suggest that the
obtained KIEs are suitable for experimental estimation of
the basicity of carbanionic intermediates, which are too
basic to be stable in the respective solvent.

Isotopic Fractionation and Kinetic Isotope Effects

Recently, an isotopic fractionation method was described
for determining the sequence of elementary steps in hydro-
gen isotope exchange (HIE) reactions based on the observa-
tion that hydrogen atom abstraction usually has a larger
KIE than deprotonation.™ If an HIE reaction proceeds via
a reversible hydrogen atom transfer (HAT), the H-atom
abstraction and donation proceed via the same transition
state and, thus, have the same KIE. As the KIEs of both
steps influence the equilibrium D/H fraction in opposing
directions the D/H fraction is solely dependent on the
equilibrium D/H fraction of the HAT reagent, which usually
does not show a strong isotope effect. Therefore, a direct
linear correlation between the equilibrium D/H ratio and
the D/H ratio of a D/H reservoir is expected. A slope
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substantially deviating from 1 indicates that H-atom abstrac-
tion and donation proceed via distinct transition states.

We applied this concept to the carbanion generation
from benzylic C-H bonds on the example of ethyl anisole
(1b), in which the reaction does not reach its equilibrium
state. Correlating the product D/H ratio with the isotopic
fractionation from partially deuterated starting material
resulted in a slope of ca. 8.5, which is in agreement with the
value of 7.2 expected from the individual steps as deter-
mined according to Scheme 4. Indeed, a slightly higher
experimental D/H ratio than calculated from the individual
steps is expected due to secondary KIEs. Abstraction of an
H-atom from 1b-d, is favored over abstraction of an H-atom
from 1b-d;, while abstraction of a D-atom from 1b-d, is
favored over abstraction of a D-atom from 1b-d,, thus,
shifting the equilibrium D/H ratio further to the side of
deuterium. Moreover, the result of an H/D ratio clearly
above 1.5 is in agreement with the proposed mechanism of
an HAT followed by an electron-transfer, proton-transfer
(ETPT) sequence. This demonstrates that the isotopic
fractionation method is not only applicable to reactions
reaching equilibrium, but also enables approximate values
for lower catalyst turnovers.

The KIE of the HAT-step was determined from the
coupling between ethyl anisole mono-deuterated at the
benzylic position (1b-d;) and benzophenone 6 as coupling
partner because 6 can react in a radical-radical recombina-
tion with benzylic radical 1b° generated via HAT but can
also react with carbanion 1b~ formed upon reduction of the
radical 1b°.” Since the reduction potentials for both,
radical 1b° and benzophenone 6 are —1.8 V vs. SCE,>*"
they can be reduced to the corresponding carbanion and
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radical anion, respectively, by the photocatalyst 3DPA2FBN
(4a) with a reduction potential of —1.9V vs. SCE.F!
Trapping carbanions by aldehydes or ketones with a-C-H
bonds could give misleading results due to deprotonation in
a-position (Schemes7 and 8) of the carbonyl reaction
partner. Additionally, protons from the solvent and residual
water can be incorporated into the substrate, if carbanions
are generated preferentially, potentially leading to scram-
bling of the deuterium between substrate molecules and D-
H exchange between substrate and solvent, which should be
minimized to reduce the experimental error.

Excited State Dynamics of 4d in the Absence and Presence of
2a and the Role of Molecular Oxygen

Transient absorption (TA) spectroscopy was used to observe
short-lived intermediates. Although carbanion 1f~ generated
under photocatalytic conditions could not be directly
observed, the timescales of the individual processes were
estimated by following the transient species of photocatalyst
4d. Recording the transient absorption of photocatalyst 4d
excited at 355 nm under ambient conditions (ca. 23°C) in
acetonitrile, a broad positive absorption of the triplet state
°[4d] ranging from ca. 300 to 750 nm is observed within the
temporal width of the excitation pulse, intersected by a
strong negative emission from the first excited singlet state
![4d*] peaking at 500 nm and a negative ground state bleach
(GSB) peaking at ca. 375 nm (Figure S46). While the short
emission signal decays within the temporal width of the
excitation pulse, the triplet absorption and GSB signals
exhibit a decay on a 1 ps time scale indicative of reverse
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Scheme 4. Kinetic isotope effects for HAT and protonation measured independently. If carbanions are generated via C-H activation both steps are
connected via a RRPCO step. PC—Photocatalyst 4b was used as pre-catalyst. The active catalyst was formed in-situ via photosubstitution.”?
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intersystem crossing into the ground-state species without
formation of further intermediates and photoproducts,
rendering 4d as a photostable compound, which is also
evident from the steady-state absorption prior and post the
TA recording (Figure S47). Time-resolved emission studies
of '[4d*] disclose an excited-state lifetime of 18 ns (Fig-
ure S48a) that is not resolved in the TA data. The *[4d]
spectrum (Figure S49a) decays under non-degassed condi-
tions with a lifetime of 453 ns, in agreement with thermally
activated delayed fluorescence (TADF) decaying on the
order of 400 ns (Figure S48a).

After removing molecular oxygen from the solution, the
lifetime of '[4d*] is prolonged to 28 ns (Figure S48b). In the
TA data, identical spectral features are observed, but the
triplet lifetime is prolonged to 19.7 ps, demonstrating that
the triplet ’[4d] undergoes a diffusion-controlled reaction
with molecular oxygen via energy transfer. Considering a
concentration of molecular oxygen of c(O,)=2.42 mM,!
the  bimolecular  rate  constant is given to

02
ko, = “Ugt-= 8.91-10°M™'s™" (k;, and k;>? are the rate
constants in the presence and absence of O,, respectively),
which is close to the diffusion limit.

In the presence of the substrate 2a (10 mM, which is
close to the solubility limit) under non-degassed conditions,
no further spectra of species other than the triplet state
become obvious. However, the triplet state lifetime is
quenched to 397 ns indicating an additional reaction with a
vield of 1—kp/k®=12.6% (k;, and k¥ are the rate
constants in the presence and absence of 2a, respectively).
Thus, the formed reaction products either do not absorb in
the experimental spectral detection window or molecular
oxygen reacts faster with these intermediates forming new
species which also do not absorb significantly in the
accessible spectral range. Comparing the steady-state ab-
sorption spectra before and after the TA recordings, a new
absorption contribution is evident, which confirms photo-
product formation (Figure S47).

In the presence of 2a (10 mM) but in the absence of O,
the intrinsic lifetime of *[4d] is quenched from 19.7 s to
5.0 ps and the decay of the triplet spectrum is accompanied
by the rise of new spectral contributions that persist on a
time scale longer than 1ms (Figure 2). As the persisting
difference spectrum is in striking agreement with the differ-
ence spectrum of the electrochemically formed radical anion
of 4d°” and its ground-state absorption (Figure S50a), the
newly formed species arises from a diffusion-controlled
electron transfer from 2a to the triplet *[4d], which in the
absence of molecular oxygen becomes highly efficient with
1kl =74.6% (k;* and ki are the rate
constants in the presence and absence of 2a under degassed
conditions, respectively) of the °[4d] molecules being
quenched in this way. With a maximum 2a concentration of
c(2a)=10 mM, the bimolecular rate constant is given to

22.-02_;-02
le —kyy

kyy = o= 1.49-10"M's™" (ky, and ky{” are the rate
constants in the presence and absence of O,, respectively).
Since on this time scale the reaction with residual O, is
negligible, 4d°~ can accumulate under these conditions. The
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Figure 2. Time-resolved absorption data of 4d in the presence of 2a
(10 mM) and absence of O, following excitation at 355 nm. (a) Time-
resolved spectra. The dashed rectangles indicate data ranges that were
excluded from the global analysis as described elsewhere.?” (b) decay
associated difference spectra as a result from a global bi-exponential fit
to the data in (a). (c) Species associated spectra (SAS) contributing to
the data in (a) as indicated. (d) Mole fraction-time profiles of the SAS
(open circles) contributing to the data in (a) and to data recorded in a
1 ms time window (Figure S46). The corresponding global fits are
shown as cyan lines.

decay of 4d°~ can be well described by a bi-exponential
ansatz with lifetimes of 231 ps and >>1 ms (Figure 2). As the
4d°” formation is accompanied by 2a° and subsequent 1f°
formation to the identical amount the first phase of the 4d°~
decay may be attributed to RRPCO forming the carbanion
1f and partially the initial 4d (Scheme 5) while residual
radicals 1f° undergo dimerization to bibenzyl 8a, leaving
some 4d°" after consumption of all benzyl radicals. Since all
reactive intermediates 1f° have either dimerized or under-
gone electron transfer within 500 ps, the second phase of the
4d°” decay may result from reaction with residual O,
forming a new photoproduct.

As the steady-state absorption spectra after the TA
recording of the degassed samples in the presence and
absence of 2a differ (Figure S47), it is tempting that the
latter scenario plays a significant role. Since neither spectral
features of 1f° nor of 1f  are observed, their lifetimes may
only be estimated based on the dynamics of the accompany-
ing counter radical 4d°”. As the 4d°~ dynamics is biphasic,
dimerization and RRPCO compete on the time scale of the
first phase of the 4d°~ decay. Since nucleophilic additions to
aliphatic aldehydes® could be detected in a preparative
ansatz, only accessible via bimolecular reactions, this
requires a lifetime of the carbanion on the diffusion time
scale of ps at substrate concentrations in the mM range in
solvents with similar viscosities as acetonitrile.
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Scheme 5. Proposed photocatalytic cycle for dimerization and carbanion formation from 1 mediated by triplet ’[4d] in ACN. 4d is excited into the
singlet state '[4d¥], which then either fluoresces or undergoes intersystem crossing (ISC) and reaches the triplet state ’[4d]. Reverse intersystem
crossing (RISC) partially occurs, leading to thermally activated delayed fluorescence (TADF). Initial electron transfer from 2a to *[4d] forms a
radical pair ’[4d°",1f°] that partially proceeds via RRPCO regenerating the 4d and forming the carbanion 1f", which deprotonates ACN.
Dimerization of 1f° significantly reduces carbanion formation, so that 4d°~ partly reacts with residual oxygen. Both products could be identified by

mass analysis (Figure S51 and S52).

Importance for Reactions Involving Photocatalytically
Generated Carbanions

The high basicity of photocatalytically generated carbanions
poses important consequences and limitations for their
utilization in organic synthesis. Standard solvents used in
photoredox catalysis such as MeCN and DMSO possess
weakly acidic protons that can be abstracted by highly basic
carbanions formed under photocatalytic RRPCO conditions.
Intermolecular C-C bond-forming reactions usually cannot
compete with a fast deprotonation of the surrounding bulk
solvent unless the reaction partner is sufficiently electro-
philic. An intramolecular example is the photocatalytic C-H
activation of phenylvaleric acid ethyl esters to the corre-
sponding carbanions® where solvent reactivity is expected
to be the limiting parameter. When such cyclizations are
conducted in acetonitrile-d; the recovered starting material
has a high degree of deuteration at the benzylic position. In
agreement with a direct competition between intramolecular
Grignard reaction and solvent deprotonation, the increase in
steric bulk on the ester leads to a decrease in yield of
cyclization product, while the degree of deuteration at the
benzylic position increases (Scheme 6). These findings
demonstrate that formation of cyclization product 2-phenyl-
cyclopentanone (10) is primarily limited by the rate constant
of carbanion protonation relative to cyclization.

In contrast to phenylvaleric acid ethyl ester (9b), the
homolog which is shorter by one methylene group, phenyl-
butyric acid ethyl ester, did not cyclize to the corresponding
2-cyclobutanone and the longer phenylhexanoic acid ethyl
ester did only give traces of the corresponding 2-phenyl-
cyclohexanone (12).”! While a four-membered ring is
expected to be thermodynamically unfavorable, formation
of 2-phenylcyclohexanone (10) from 6-phenylhexanoic acid
ester 9 should be energetically more favorable compared to
cyclization of the corresponding phenylvaleric acid ester 7a
to phenylcyclopentanone 8. Subjecting deuterated phenyl-

Angew. Chem. Int. Ed. 2024, 63, €202400815 (8 of 14)

hexanoic acid ester 11-C2-d, to the conditions for benzylic
carbanion generation according to Scheme 7, no shift of
deuterium from the a-position of the ester to the benzylic
position was observed and the deuteration degree of the
starting material at C2 remained unchanged, thus excluding
an intramolecular deprotonation. Conducting the reaction in
CD;CN gave additional 71 % deuteration at the benzylic
position. The analogous reaction with deuterated phenyl-
valeric acid ester 9a-C2-d, confirmed no intramolecular
deuterium transfer also for the shorter homolog. This is in
agreement with literature reports corroborating that activa-
tion barriers for proton transfer reactions increase with
deviation from a linear transition state."

The barriers for cyclization of the carbanions derived
from phenylvaleric acid methyl ester (9a) and phenyl-
hexanoic acid methyl ester (11) calculated at the M06-2X/6-
31G(d) level of theory for optimization and frequency
analysis and at the wB97XD/Def2TZVP level of theory for
single point are 5.9 kcal/mol and 2.1 kcal/mol, respectively,
and thus are contrary to the experimental trend. This
suggests the relative rates of cyclization are primarily
influenced by diffusional motion between the reacting
moieties. While the rate for carbanion protonation by the
solvent is expected to be independent of the alkyl chain
length, cyclization will proceed faster for shorter chains due
to significantly shorter average distances between the
benzylic position and the carbonyl group as well as due to
less sampled configurational space during diffusion.

The strong basicity of photocatalytically generated
benzylic carbanions is not only relevant with respect to the
solvent but also towards reaction partners with weakly acidic
protons such as acetone, a common reaction partner for
Grignard-type reactions, having mildly acidic o-protons and
being readily available in its deuterated form. Indeed, when
generating carbanion 1f in acetone-d; according to
Scheme 8, the corresponding mono-deuterated toluene de-
rivative 1f-d; and the addition product 7b were obtained in
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Scheme 7. Carbanion generation at the benzylic position of 6-phenylhexanoic acid ester 11-C2-d, results only in traces of the corresponding 2-
phenylcyclohexanone (12-d,) and no intramolecular deuterium-shift. A high degree of deuteration at the benzylic position if CD,CN is used as
solvent confirms benzylic C-H activation to the corresponding carbanion under the reaction conditions.

a 1:1 ratio in near quantitative combined yield. The toluene
derivative had a high degree of mono-deuteration (94 %)
demonstrating that the yield of tertiary alcohol is limited by
the competing reactivity of the carbanion acting as base
instead of nucleophile, and, thus, factors such as residual
moisture or radical side reactions are negligible.

When electron withdrawing groups (EWG) stabilize the
carbanion, its nucleophilic reactivity is decreased and lower
yield for addition to aldehydes and ketones is observed
(Scheme 9). However, basicity of the carbanion 1g~ is still
high enough to deprotonate the a-position of acetone
resulting in protonation of the carbanion as the major
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acetone-dg/acetonitrile-dy; ‘Pr;SiSH was used as HAT-reagent, 4CzIPN was used as pre-catalyst. The active catalyst was formed in situ via
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Scheme 9. Stabilization of benzylic carbanions by electron withdrawing groups reduces their nucleophilicity. Despite reduced basicity deprotonation
of aldehydes and ketones is still possible, thus giving the corresponding toluene derivative as the major product. Yields and deuteration

determined by '"H NMR spectroscopy.

reaction pathway. When using the less electrophilic reaction
partner ethyl acetate as solvent, no addition product is
observed while deprotonation is still the predominant
reaction pathway, which was indirectly observed in the *H
NMR spectrum in the presence of D,O, showing a signal for
mono-deuterated ethyl acetate (see Supporting Information
Figure S32). This again demonstrates that reactivity of
photocatalytically generated carbanions is predominantly
limited by their high basicity.

To note, 4CzIPN itself acts as a photocatalyst only if
substrates are substituted with electron withdrawing groups
or sterically hindered substrates are used, while primary
benzylic radicals substituted with electron donating groups
first react in a photosubstitution reaction substituting one of
the CN-groups to form the active catalyst.’”) Accordingly,
the reduction of electron poor benzyl radicals is favored

Angew. Chem. Int. Ed. 2024, 63, €202400815 (10 of 14)

over radical recombination with the 4CzIPN radical anion
while neutral and electron rich benzyl radicals are difficult
to reduce by the 4CzIPN radical anion and rather trigger
photosubstitution of 4CzIPN (4b) forming a more stable
and stronger reducing photocatalyst. The observation that
electron withdrawing groups lead to favoring RRPCO over
other reaction pathways even for only moderately reducing
photocatalysts explains previous reports.*™ For instance, the
reactivity of benzyltriphenylphosphonium salts (14) under
reductive photocatalytic conditions strongly depends on the
electronic nature of substituents on the aromatic ring. While
electron-rich benzyl radicals dimerize to the corresponding
bibenzyls, benzyltriphenylphosphonium salts bearing elec-
tron withdrawing groups such as 14a exclusively form the
corresponding toluene derivative (substrate 14a gives
toluene derivative 1g). Due to deuteration of the benzylic
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position when CD;CN was used as solvent a HAT from the
solvent acetonitrile or, depending on the electron donor,
from an amine radical cation to the benzyl radical was
proposed to occur with electron deficient benzyl radicals,
while dimerization to the bibenzyl was proposed to be
unfavored due to a polarity mismatch. However, this could
not explain, for instance, a difference in the product
distribution, if started from a benzyl bromide instead of a
benzyltriphenylphosphonium salt. Furthermore, the pro-
posed HAT is energetically not plausible, since the bond
dissociation energy (BDE) of toluenes (88 kcal/mol for
unsubstituted toluene)® is below that of acetonitrile
(96 kcal/mol).*"!

Based on the results presented in this work, we suggest
to revise the mechanism for electron-withdrawing group
substituted benzyltriphenylphosphonium salts according to
Scheme 10. The iridium-based photocatalyst [Ir(dtbbpy)-
(ppy).JPFs used is slightly more reducing compared to
4CzIPN (—1.51 VP and -1.24 VP vs. SCE). For electron
rich benzyl radicals reduction to carbanions is slow or not
feasible (—1.43 V vs. SCE for unsubstituted benzyl radical in
MeCN)®! so that benzyl radical build-up leads to dimeriza-
tion as proposed. In contrast, electron-deficient benzyl
radicals such as 1g° are faster reduced to the corresponding
carbanions than a critical benzyl radical concentration for
dimerization will build up. The carbanion is not able to form
bibenzyl, but it is sufficiently basic to deprotonate either the
amine radical cation (if DIPEA is used as sacrificial electron
donor) or just basic enough to deprotonate the solvent
acetonitrile (see Scheme 3) in the absence of more acidic
protons. The different product distribution for benzyl
bromide substrates is also easily explained by that mecha-
nism: Since electron deficient benzyl bromides are more
easily reduced to generate the corresponding radical

©Opphy .
PC
MeO
MeO @
o}
o) N
14a 15 1g°

Initially proposed mechanism:
CD3;CN

DAT from CD4CN to benzyl radical ~ DAT

Research Articles

RRPCO
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intemationaldition’y) Chemie

(=129 V vs. SCE in MeCN), benzyl bromides will mainly
form benzyl radicals while radicals are first reduced to
carbanions when triphenylphosphonium salts are used as
radical precursor, changing from radical to carbanionic
reactivity depending on the radical source.

Conclusion

In conclusion, it was demonstrated that carbanions gener-
ated via a photocatalytic RRPCO step are superbasic
intermediates capable of deprotonating common polar
solvents such as acetonitrile, DMSO, and DMF. Their
reactivity is comparable to the gas-phase reactivity of
isolated carbanions so that these are best described as
monomeric, free carbanions, answering the fundamental
question about the nature of these often-proposed inter-
mediates. A general mechanism and methods used in this
work are depicted in Scheme 11. Moreover, it was demon-
strated, that previously unsuccessful nucleophilic addition
and substitution reactions were not limited by the nucleo-
philicity of the carbanions but by their high basicity towards
solvents and abstractable protons commonly present in
electrophiles. The time-scale of the individual steps was
determined by time-resolved spectroscopy and identified the
RRPCO step as rate-limiting with a lifetime of 231 ps for the
photocatalyst radical anion reducing a benzyl radical to the
carbanion. Kinetic isotope effects and selectivity for depro-
tonations by photocatalytically generated carbanions can act
as mechanistic probe to indirectly detect carbanionic inter-
mediates by their specific reactivity. This was demonstrated
for carbanion generation from benzylic C-H bonds, support-
ing the initially proposed mechanism. Further a substrate
dependent change in the mechanism for photoreduction of

o D
Meom/©/ MeO 7‘/©)
0 0

19" 1g9-d,
>95%, 25% D

CD4CN

Revised mechanism:

Reduction of electron deficient benzyl radical to carbanion with

subsequent D* abstraction from acetonitrile

Open questions:

BDE t explain D-transf
s cannot explain D-transfer

Unexpected substrate-dependent o)
product distribution 1g-d,

Experimental evidence:

Reaction in CD3CN: >95% yield, 25% D
Moderate deuteration by CD3;CN expected from basicity of stabilized
carbanion

Reduction potentials explain substrate dependent product distribution

Scheme 10. Electron-withdrawing group substituted benzyltriphenylphosphonium salts undergo reduction to the corresponding toluene derivative,
while electron-donating group substituted benzyltriphenylphosphonium salts form bibenzyls under reductive photocatalytic conditions. The initially
proposed mechanismP! via HAT or DAT from acetonitrile is unlikely and instead an RRPCO and subsequent protonation is more plausible as
supported by data presented in this work. Abbreviations: BDE—bond dissociation energy, H(D)AT—hydrogen(deuterium) atom transfer, PC—

photocatalyst={Ir(dtbbpy) (ppy),]PFe.
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Scheme 11. Summary of the mechanistic cycle for generation of carbanions via photocatalytic reductive radical-polar crossover (RRPCO) and
methods used to elucidate the mechanism. Transient species of the photocatalyst (PC) 4d were followed via transient absorption (TA)
spectroscopy with trifluoroborate 2a as substrate. Decay times should only give an estimate as the bimolecular rate constants are expected to vary
depending on the specific substrate, photocatalyst, and concentration. The presence of benzyl radicals was demonstrated in previous work by
radical trapping.” The reactivity of photocatalytically generated carbanions was investigated with the focus on competing nucleophilicity and
basicity. Tandem mass spectrometry was used to compare the basicity in solution to the basicity of isolated carbanions in the gas phase.

benzyltriphenylphosphonium salts was detected. Overall,
the results provide an intuitive qualitative estimation of the
limits for reactions involving photocatalytically generated
carbanions as reactive intermediates and will help to ration-
ally develop solutions to overcome these limitations.
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