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n determines the chemo- and
regioselectivity of alkyl radical additions to C–O vs.
C–C double bonds†

Tiffany O. Paulisch,‡a Felix Strieth-Kalthoff,‡a Christian Henkel,b Lena Pitzer,a

Dirk M. Guldi b and Frank Glorius *a

Investigations into the selectivity of intermolecular alkyl radical additions to C–O- vs. C–C-double bonds in

a,b-unsaturated carbonyl compounds are described. Therefore, a photoredox-initiated radical chain

reaction is explored, where the activation of the carbonyl-group through an in situ generated Lewis acid

– originating from the substrate – enables the formation of either C–O or the C–C-addition products.

a,b-Unsaturated aldehydes form selectively 1,2-, while esters and ketones form the corresponding 1,4-

addition products exclusively. Computational studies lead to reason that this chemo- and regioselectivity

is determined by the consecutive step, i.e. an electron transfer, after reversible radical addition, which

eventually propagates the radical chain.
Introduction

Radical chemistry has been investigated for decades and,
owing to the high reactivity of open-shell species, represents
a complementary approach to classical closed-shell chemistry
towards the synthesis of organic molecules.1 Considering that
the selectivity of radical reactions is essential for targeted
synthesis,2 numerous attempts to control these highly reactive
intermediates have been made.3 Especially recent advances in
controlled radical generation by means of photoredox catal-
ysis have further expanded the eld of selective radical
reactions.4

Owing to their high reactivity, radicals usually undergo only
low activation barrier pathways. Selective radical reactions are
therefore oen enabled by rapid, innate chains (usually
requiring fast and exothermic steps) or efficient trans-
formations to long-lived (non-radical) intermediates (i.e.
radical-polar crossover). To enable efficient chains, a polarity
match of radical and reaction partner has to be given, other-
wise non-productive side reactions with lower activation
barriers will be the preferred pathways for these “impatient”
intermediates.5

Amongst the elementary steps within radical chain reac-
tions, radical additions to different p-bonds,6 which represent
Fig. 1 Radical additions to p-systems with indication where the
addition can take place. Selectivity of product formation governed in
the radical addition or a consecutive electron transfer step. This work:
radical addition to a,b-unsaturated carbonyls shows 1,4- (blue) for R ¼
OMe, Me and 1,2- (red) addition product for R ¼ H. k: rate constant.
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an efficient means to C–C bond formation, are quite well
understood.7 In principle, selectivity in radical additions for
two competitive reaction steps is determined by the difference
in activation barriers: this kinetic control is usually governed
by a polarity match between an electrophilic radical and
a nucleophilic double bond, or vice versa. It is, however, rather
challenging to control such a selectivity, when multiple addi-
tion sites with matching polarity and, in turn, similarly low
barriers are available. As an example, the classical Minisci-type
addition of nucleophilic radicals to electron-decient hetero-
cycles such as pyridine oen yields a mixture of 2- and 4-
substitution. In such systems, as well as e.g. for benzene rings
or asymmetrical dienes, it remains challenging to predict the
site selectivity of the radical addition of a given radical (see
Fig. 1).8

Building on our recent study on the radical addition to
carbonyls, in which aromatic aldehydes and ketones act as
radical acceptors for alkyl radicals under Brønsted acid activa-
tion, we investigated the selectivity of the radical addition to the
C–O vs. C–C double bond in Michael acceptors.9
Fig. 2 (A) Reaction conditions: silyl ketene acetal 1, Michael acceptor 2
reaction mechanism for the reaction of silyl ketene acetals 1 with Michae
quenching studies and ns-transient absorption spectroscopy (ns-TAS) su
investigating a competing Lewis-acid-catalysed pathway (observed prod
experiments hint towards the presence of intermediary radical specie
molecules. DFT-computed redox potentials substantiate the proposed c

732 | Chem. Sci., 2020, 11, 731–736
In these systems (see Fig. 1), which exhibit two electrophilic
addition sites, perfect regio- and chemoselectivity of alkyl
radical additions was observed. We hypothesized that this
selectivity is not determined by the addition itself, but by the
consecutive electron transfer. Interestingly, this concept of
radical selectivity control through consecutive steps has only
been rarely applied, e.g. for controlling a radical metalation
through a consecutive favoured/disfavoured cyclization,10 or to
direct a reversible radical cyclization by selective radical-polar
crossover.11 To the best of our knowledge, using electron
transfer steps for controlling the selectivity of radical chain
reactions has remained, to this date, elusive.
Results and discussion

To investigate the selectivity of the radical addition to C–O vs.
C–C double bonds, Michael acceptors were chosen as radical
acceptors. To enable an overall redox-neutral transformation,
silyl ketene acetals were applied as radical precursors. In
combination with an oxidizing photoredox catalyst, these
, PC-1, MeCN, 455 nm LEDs, workup with H2O or TBAF. (B) Proposed
l acceptors 2 in a 1,2- or 1,4-fashion. (C) Stern–Volmer luminescence
ggest a reductive quenching by silyl ketene acetal 1. Control reactions
ucts are indicated as 1,2- or 1,4-addition respectively). TEMPO trapping
s. Deuterium incorporation experiments exclude HAT from solvent
hain propagation steps.

This journal is © The Royal Society of Chemistry 2020
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substrates form amphiphilic alkyl radicals12 aer single elec-
tron oxidation, which subsequently can add to p-bonds.

Irradiating silyl ketene acetal 1 in the presence of the pho-
tocatalyst [Ir(dF-CF3-ppy)2(dtbpy)]PF6 (PC-1) and different
Michael acceptors 2, an unexpected chemoselectivity switch was
observed: whereas the addition to a,b-unsaturated esters and
ketones afforded the Giese-type 1,4-addition product, the reac-
tion of a,b-unsaturated aldehydes selectively formed allylic
alcohols as products of a formal 1,2-addition. To rationalize this
switch in reactivity, experimental and computational mecha-
nistic analyses were conducted.
Mechanistic studies

As a rst model system the reaction between trimethyl silyl ketene
acetal (1a) and methyl acrylate (2a) was investigated in detail. In
the absence of either light or photocatalyst, no product was
detected, which corroborates a photochemical reaction pathway.
In steady-state absorption measurements, the photocatalyst was
conrmed to be the only visible-light-absorbing component in the
reactionmixture. Stern–Volmer analysis and nanosecond-transient
absorption spectroscopy (ns-TAS) suggest an effective quenching
of the electronically exited state of PC-1 by silyl ketene acetal 1.
Upon irradiation PC-1 gives rise to a MLCT triplet state featuring
a 2.49 � 0.06 ms lifetime. In ns-TAS experiments, the latter is
effectively quenched when silyl ketene acetal 1 is added and gives
rise to newly developing transient absorption features. A
Fig. 3 (A) 1,2- (red) vs. 1,4- (grey) radical addition to a,b-unsaturated ald
esters and the subsequent electron transfer step towards product E. Cal
ketene acetal (B3LYP-D3/def2-TZVPP/CPCM(MeCN)).

This journal is © The Royal Society of Chemistry 2020
comparison with the spectro-electrochemical measurements (see
ESI for further details†) infers the reduction of PC-1 to afford PC-
1��.13 The underlying electron transfer from the silyl ketene acetal
1 to photoexcited catalyst PC-1 occurs with diffusion-controlled
dynamics: kET ¼ (1.25 � 0.02) 109 L mol�1 s�1. A high quantum
yield (4 ¼ 15.6) suggests that this quenching step initiates an
efficient chain reaction.14 Considering that the addition of trime-
thylsilyl triuoromethanesulfonate (TMSOTf, without irradiation)
did not lead to product formation, a radical pathway rather than
a Lewis-acid-mediated mechanism is likely to be operative.

With these results in hand, we propose the following general
mechanism (see Fig. 2): silyl ketene acetal 1 is oxidized by
photocatalyst PC-1. The resulting radical cation A then frag-
ments to the respective a-carbonyl radical B,15 which adds to the
Lewis-acid-activated a,b-unsaturated carbonyl C to yield radical
cation D.16 Intermediate D is readily reduced by the excess of
silyl ketene acetal 1,17 which closes the radical chain cycle and
yields intermediate E. Removal of the trimethylsilyl group by
aqueous or uoride workup leads to the nal product.

Additional support for such a reaction mechanism came
from further mechanistic experiments (see ESI for further
details†): upon addition of TEMPO to the reaction mixture,
TEMPO adducts of intermediates B and D could be detected,
while intermediate E was identied by means of ESI-MS.
Furthermore, experiments using deuterated reaction solvent
excluded the possibility of a hydrogen atom transfer (HAT)
ehydes (B) 1,2- (grey) vs. 1,4- (blue) radical addition to a,b-unsaturated
culated for cinnamaldehyde and methyl cinnamate with trimethyl silyl

Chem. Sci., 2020, 11, 731–736 | 733
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event from a solvent molecule. Overall, the thermodynamic
feasibility of the chain propagation step was supported by the
calculated redox potentials, which underline that oxidation of
silyl ketene acetal 1 by intermediate D is feasible (E1 ¼ +0.46 V
vs. SCE, ED ¼ +0.96 V vs. SCE).18

For a,b-unsaturated aldehydes the observed 1,2-addition can
be rationalized by an analogous hole catalysis mechanism (ED¼
+1.63 V vs. SCE). Here, photocatalyst and light are required for
the reaction to proceed as well. Notably, the addition of TMSOTf
(without irradiation) leads to exclusive formation of the 1,4-
addition product. Since no 1,2-addition product was observed
under these Lewis acid conditions, a radical pathway rather
than a Lewis-acid-mediated mechanism is likely to be operative
under the standard reaction conditions. For a,b-unsaturated
ketones, however, a competing Lewis-acid-mediated chain
reaction could not be fully excluded.19
Fig. 4 Scope of the 1,4-radical addition to a,b-unsaturated esters and k
Michael acceptor (2, 0.4 mmol), silyl ketene acetal (1, 0.6 mmol), PC-1 (0
Workup with aq. HCl, 0.5 mmol scale, 1 (3.0 eq.). (b) Preformation of 1wit
of TMSOTf (in the absence of light) showed product formation.

734 | Chem. Sci., 2020, 11, 731–736
To understand the difference in behaviour of a,b-unsatu-
rated aldehydes and esters, a computational analysis of the
proposed radical chain processes was conducted. Density
functional theory calculations were performed at the B3LYP-D3/
def2-TZVPP/CPCM(MeCN) level. Activation barriers for the
electron transfer steps were estimated using the four-point
approximation to Marcus–Hush theory (see ESI for further
details†).20 Although not widely established, this method was
applied to different cases in organic chemistry to estimate
electron transfer barriers.21 Therefore, we believe that this
methodology should result in a reasonable estimation of the
electron transfer activation barrier (see Fig. 3).

For a,b-unsaturated aldehydes (see Fig. 3A), a highly
oxidizing radical cationD4 can be formed via a reversible radical
C–O addition, which can undergo a fast electron transfer as
consecutive reaction. Crucial for the selectivity is the electron
transfer barrier, which is seemingly lower for the 1,2-addition
etones and the 1,2-radical addition to aldehydes. Standard conditions:
.004 mmol), MeCN (0.1 M), 16 h, 455 nm LEDs, workup with TBAF. (a)
hout purification and subsequent coupling, 0.5 mmol scale. (c) Addition

This journal is © The Royal Society of Chemistry 2020
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product (DG‡ ¼ 3.8 kcal mol�1) than for the respective 1,4-
addition product (DG‡ ¼ 11.8 kcal mol�1). As such, we propose
that, in a Curtin–Hammett-type scenario, the electron transfer
is the selectivity determining step, which accounts for the 1,2-
over 1,4-preference. This conclusion is in agreement with the
computed redox potentials, since the 1,2-addition product (ED
¼ +1.63 V vs. SCE) shows a higher oxidation potential than the
1,4-addition product (ED ¼ +1.21 V vs. SCE) and therefore
undergoes a faster electron transfer.

For a,b-unsaturated esters, a different selectivity is observed
(see Fig. 3B). Here, a rather high activation barrier is calculated
for the 1,2-radical addition (DG‡ ¼ 26.9 kcal mol�1), which
renders the reaction less favourable compared to the 1,4-addi-
tion product (DG‡ ¼ 12.6 kcal mol�1). Furthermore, the lower
activation barrier of the electron transfer for the 1,4-addition
product compared to the 1,2-addition product, additionally
accounts for the selectivity towards the 1,4-addition. We reason
that also here the observed selectivity is determined by the nal
chain-propagating electron transfer step. Both computed reac-
tion proles are in good agreement with the experimental
observation and support our hypothesis of selectivity control
through the consecutive step.22
Reaction scope

With these mechanistic insights in hand, we sought to inves-
tigate the applicability of this protocol to functionalize alde-
hydes in 1,2- as well as esters and ketones in 1,4-fashion. The
reaction was applied to several different silyl ketene acetals and
Michael acceptors. As standard conditions, a solution of
Michael acceptor 2 (1.0 eq.), silyl ketene acetal 1 (1.5 eq.) and
PC-1 (1.0 mol%) in MeCN (0.1 M) was irradiated with 455 nm
LEDs for 16 h (see Fig. 4).

Applying these conditions, esters and ketones showed high
regio- and chemoselectivity towards the 1,4-addition product.
Substituents at the a-position (3b, 3c) and alkene functionalities
(3d) in the acceptor were well tolerated. Furthermore, diverse
secondary and tertiary silyl ketene acetals could be applied (3g–
i). For a,b-unsaturated ketones, 1,4-addition could be observed
exclusively, although full conversion could not be achieved in
all cases. This reaction was shown to be applicable for the
functionalization of cyclopentenone (3m) and chromone (3n) in
high yields. 4-Phenylbutenones (3o–q) could also be applied
leading to decent yields. Employed a,b-unsaturated aldehydes
could be functionalized with exclusive selectivity for the 1,2-
addition product. Aliphatic a,b-unsaturated aldehydes under-
went the transformation in good yields (4a–b). Moreover, cin-
namaldehydes with different substituents in the aromatic ring
(4c–f) and in a-position (4g) could be transformed in decent
yields. The same reaction conditions could be applied to
benzaldehydes (4h–l) in synthetically useful yields, while toler-
ating double bonds or esters in the side chains.
Conclusions

With this method, a radical alternative to the well-studied ionic
Mukaiyama–Michael/Aldol-reaction was developed.23 This
This journal is © The Royal Society of Chemistry 2020
variant does not require any external Lewis acid, allowing for
good functional group tolerance and for the generation of
quaternary carbon centers under mild reaction conditions. a,b-
Unsaturated esters and ketones show a high selectivity towards
the 1,4-addition products, while a,b-unsaturated aldehydes
form the 1,2-addition product exclusively. Computational
studies suggest that the high regio- and chemoselectivity of the
reaction is not determined by the radical addition itself, but by
the subsequent electron transfer step, which propagates the
radical chain. The control of regioselectivity of radical additions
through a consecutive step represents a previously under-
estimated strategy which shows potential for further reaction
design towards switchable selective radical additions.
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and Z. Jiang, ACS Catal., 2016, 6, 6853; (d) C. Yu, N. Iqbal,
S. Park and E. J. Cho, Chem. Commun., 2014, 50, 12884.

4 (a) A. Albini and S. Protti, Photochemistry, Royal Society of
Chemistry, Cambridge, 2019; (b) M. Silvi, C. Verrier,
Y. P. Rey, L. Buzzetti and P. Melchiorre, Nat. Chem., 2017,
9, 868; (c) D. A. Nicewicz and D. W. C. MacMillan, Science,
2008, 322, 77.

5 A. Studer and D. P. Curran, Angew. Chem., Int. Ed., 2016, 55,
58.

6 (a) S. Wilsey, P. Dowd and K. N. Houk, J. Org. Chem., 1999, 64,
8801; (b) L. Hernández-Garćıa, L. Quintero, M. Sánchez and
F. Sartillo-Piscil, J. Org. Chem., 2007, 72, 8196; (c) J. Hartung,
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