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Nickel-Mediated Enantioselective Photoredox Allylation of

Aldehydes with Visible Light

Francesco Calogero, Simone Potenti, Elena Bassan, Andrea Fermi, Andrea Gualandi,*
Jacopo Monaldi, Busra Dereli, Bholanath Maity, Luigi Cavallo,* Paola Ceroni,* and

Pier Giorgio Cozzi*

Abstract: Here we report a practical, highly enantioselective
photoredox allylation of aldehydes mediated by chiral nickel
complexes with commercially available allyl acetate as the
allylating agent. The methodology allows the clean stereo-
selective allylation of aldehydes in good to excellent yields
and up to 93 % e.e. using a catalytic amount of NiCl,(glyme)
in the presence of the chiral aminoindanol-derived
bis(oxazoline) as the chiral ligand. The photoredox system is
constituted by the organic dye 3DPAFIPN and a Hantzsch’s
ester as the sacrificial reductant. The reaction proceeds under
visible-light irradiation (blue LEDs, 456 nm) at 8-12°C.
Compared to other published procedures, no metal reductants
(such as Zn or Mn), additives (e.g. Cul) or air-sensitive
Ni(COD), are necessary for this reaction. Accurate DFT
calculations and photophysical experiments have clarified the
mechanistic picture of this stereoselective allylation reaction.

Introduction

Allylation of carbonyls is a key strategy for the preparation
of functionalized building blocks in the total synthesis of
natural products.!! Allylation or propargylation” reactions
with organometallic reagents are well established and
employed methodologies to access homo-allylic or homo-
propargylic alcohols and amines. In particular, enantioselec-
tive allylation methodologies were applied to solve practical
synthetic problems and were scaled-up to access to valuable
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starting materials. In this kind of classical addition to
carbonyl, prevalently based on the use of organometallic
reagents or on metal-catalyzed reductive C—C couplings, the
use of stoichiometric amounts of metals (organometallic
reagents or metallic reductants) is predominant.’) The
advent of photoredox catalysis has enabled the employment
of a different effective strategy (Figure 1).

Photoredox catalysis combines the use of a photocatalyst
(metal complex, organic dye or semiconductor) with light
for the formation of radical species by photoinduced
electron transfer (PET).") Metallaphotoredox catalysis, i.e.
metal catalysis merged with photoredox catalysis, is a new
and rapidly growing research area.” By using metallapho-
toredox catalysis, it is possible to access nucleophilic organo-
metallic reagents.”! A suitable C-centered radical, formed
under photoredox conditions, is converted into an organo-
metallic nucleophile!” through its capture with a suitable
transition metal®! New interesting methods based on
chromium,” titanium,!'” cobalt,"! and bismuth!'? were
recently published.®*! As an example of translation of
classical organometallic chemistry into a photoredox medi-
ated methodology, the well-known Nozaki—-Hiyama—Kishi
(NHK) reaction, which is relevant in total synthesis,"” was
reported by Glorius®™ < and Kanai®* in a light-driven
fashion. In their photocatalytic methods, photogenerated
allyl radicals are trapped by the catalytic Cr" leading to the
formation of a transient nucleophilic Cr'™" allyl reagent. By
photoredox catalysis, it was also possible to restore the Cr"
reagent via reduction of the intermediate Cr™ species,
replacing the stoichiometric reducing Mn in the protocol for
the NHK reactions reported by Fiirstner and co-workers.['”!
An enantioselective photoredox version of the reaction was
also investigated by the same authors,”* 20 years after the
development of the first stereoselective protocol.'” Unfortu-
nately, it was not possible to extend these noteworthy results
to the synthesis of unsubstituted homoallylic alcohols.

Even though these approaches are innovative and
reliable, there is room for improvements. On the one hand,
several effective enantioselective methodologies, with differ-
ent nucleophilic allylating reagents (i.e. allylic stannanes,"”
allylic halides," allylic acetates," and allylic boronates®”),
have been reported. However, such useful and important
protocols shown some drawbacks and limitations. Thanks to
the enhanced stability to moisture and air, allyl silanes could
represent the solution to overcome the above-mentioned
drawbacks,? nevertheless, their low nucleophilicity still
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Figure 1. Photoredox synergistic allylations of aldehydes.

represents the main limitation for their application.” Quite
recently, we have reported a nickel photoredox allylation of
aldehydes with allylacetates.”” Aiming to develop a stereo-
selective variant of the reaction,” we faced many problems
due to the scarce reactivity and low enantioselectivity in the
selected reaction conditions (aldehyde 1 equiv., DIPEA
3 equiv., allylacetate 3 equiv., [Ru(bpy);]Cl, 1 mol %, NiCl,-
(glyme) 10 mol %, Bn(BOX) L6 20 mol %, blue LED r.t,;
50 % yield, 42 % e.e.).””! We have performed comprehensive
investigations by varying conditions and photocatalyst,
ending up with an effective new protocol that employs the
commercially available or easily synthesizable 3DPAFIPN
(2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile) as the
photocatalyst™ and Hantzsch’s ester® as the sacrificial
reductant. We are now presenting a valid, reproducible,
enantioselective photoredox allylation of aldehydes based
on the use of a bench-stable nickel complex and a simply
prepared IndaBOX chiral ligand L1.*" Furthermore, DFT
calculations allowed us to shed light on the catalytic cycle,
thus presenting mechanistic insights that could be relevant
for further studies.

Results and Discussion
After a long unsuccessful journey encompassing an exten-

sive examination of many chiral ligands (see Supporting
Information for some selected ligands considered) in our

previous nickel-mediated photoredox allylation reaction,!

we hypothesized that a major drawback in the reaction was
the presence of a large excess of N,N-diisopropylethylamine
(DIPEA) as sacrificial reductant. In fact, its ability to
coordinate nickel® hampers an effective and stereoselective
catalytic cycle. Moreover, we decided to move from [Ru-
(bpy);]Cl, to more reducing photocatalysts, selecting organic
cyanoarene-based dyes. These dyes display Thermally
Activated Delayed Fluorescence (TADF)?! and, on the
basis of our experience, give successful results in other metal
mediated photoredox processes.”¥ Additionally, in the
mentioned photoredox processes, the presence of
Hantzsch’s ester (HE) was also crucial for the allylation
reaction performed with titanium,'” cobalt,'™® and
bismuth.!'”

The role played by the HE in these new conditions was
found to be quite unique, since a series of different
sacrificial reductants (see Supporting Information for de-
tails) were found less suitable for the reaction. The key role
played by HE in this and, probably, in other metallaphotor-
edox catalytic cycles, is important and quite peculiar, as will
be evidenced and discussed in the section of the paper
dedicated to DFT investigations. Table 1 shows some salient
points about our optimization studies. We were able to
control the enantioselectivity of the model reaction, per-
forming the reaction in THF, in 0.4 M aldehyde concen-
tration. Light and nickel are both necessary for the success
of the enantioselective transformation (Table 1, entries 4
and 5). A careful control of the reaction temperature (see
Supporting Information for pictures and description) was
necessary to enhance the enantioselectivity of the reaction.
We found that elimination of water traces (3 A MS) was
also crucial to improve enantioselectivity."” The most
compelling chiral ligand L1 was prepared in large scale with
the Reisman’s reported methodology,?” while other BOX
ligands were found to give reduced enantioselectivity.
(Table 1, entries 7-13). TADF photocatalysts performed
better compared to Ru" or Ir'™ metal-based photocatalysts
(Table 1, entries 1 and 22 vs. entries 23 and 24). Although
the enantioselective reaction can be carried out in other
solvents (Table 1, entries 18-21), slightly better results were
obtained in THF. A major e.e. was obtained in toluene but a
lower conversion was observed (Table 1, entry 18).

The selected reaction conditions were employed with
aromatic and aliphatic aldehydes (Scheme 1). The absolute
configuration of the homoallylic alcohols, isolated after
purification, was established in the case of 3a'! and 30" by
comparison with the data reported in literature. For all the
substrates studied the allylating agent attacks the prochiral
Si face of carbonyl group. Electron-rich (1h-1) or electron-
poor (le-g) aromatic aldehydes are suitable substrates for
our enantioselective allylation protocol. The ortho or para
substituents seem to influence neither reactivity nor stereo-
selectivity of this nickel mediated allylation. Heterocyclic
substrates are tolerated in certain cases (1m,n). Unsuccess-
ful results were observed for some aldehydes (see Support-
ing Information), due either to the chelation ability of the
heteroatom (e.g., unsubstituted thiophene 2-carboxalde-
hyde), or to the limited stability of the products (e.g., N-Boc



Table 1: Allylation reaction and variations of some reaction parame-
ters.

0 NiCly(glyme), 10 mol% OH
| 3DPAFIPN, 5 mol%
+ A~ _OAc N
. L1, 15 mol%,
3 equiv. Hantzsch’s ester, 2 equiv.
THF ([1a] = 0.4M)
1a 2a 3A MS, Blue LEDs 3a
10°C, 14h
: ?\NQ OHHO
Ne CN EroWOEt
Oyl ;
o9
3DPAFIPN Hantzsch’s Ester
N N\% Q/ﬁ/(j\r q
L1,R= -
3 R=bn [5 Rz }a’Z’ t”
L3, R=CHyCH, L6 R=Bn

Entry Deviations from standard conditions Yield [%]” e.e.

1 none >99(87) 92
2 no photocatalyst, with irradiation at 456 nm 0 -
3 allyl bromide instead of allyl acetate traces -
4 no nickel 0 -
5 no light 0 -
6 10 mol % of L1 90 90
7@ L2 instead of L1 70 71
8 L3 instead of L1 >99 67
9l L4 instead of L1 33 0
107 LS instead of L1 25 3
111 16 instead of L1 98 67
12! L7 instead of L1 93 0
131 L8 instead of L1 traces -
14l [1a]=0.05 M 91 25
1588 [12]=0.1 M 45 70
168 [1a]=0.2 M 98 79
17 [1a]=02M >99 90
18 toluene instead of THF 30 93
19 MeCN instead of THF 90 85
20 DME instead of THF 22 91
21 DMF instead of THF 83 50
22 4CzIPN instead of 3DPAFIPN 83 89
23" {Ir[dF(CF;)ppy],(dtbbpy)} (PF¢) instead of 51 88
3DPAFIPN
24" [Ru(bpy),]Cly6 H,O instead of 3DPAFIPN 25 -
25  [Ru(bpy);]Cl,6 H,O instead of 3DPAFIPN traces 25

[a] Reactions performed on 0.1 mmol scale. [b] Determined by
'"H NMR analysis. [c] Determined by HPLC analysis on chiral column.
[d] Reaction performed on 0.2 mmol scale. The value in parenthesis is
the isolated yield (chromatographic purification). [e] Reaction per-
formed in absence of molecular sieves. [f][1a]=0.1 M. [g] Reaction
was carried out using 10 mol% of chiral ligand. [h]1% of the
photocatalyst was used. [i] Based on our previous work, reaction was
carried out using 3 equiv. of DIPEA as reducing agent and 0.5 mL of
MeCN as solvent.

indolyl and pyrrolyl carbaldehyde) in the presence of the
pyridinium ion derived by oxidation of HE, acting as a
Brgnsted acid."” Regarding aliphatic aldehydes, while
cyclohexyl aldehyde (1v) is a reactive substrate, pivalic
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Scheme 1. Photoredox enantioselective nickel-promoted allylations of
aldehydes.

aldehyde was not reactive (see Supporting Information for
details). Better results are obtained with linear and sub-
stituted long chain aliphatic aldehydes (1o—u), and the
desired products were isolated with moderate yields but
with e.e.s ranging from 89 % to 94 %. 3DPAFIPN is quite
stable in the reaction conditions as we have verified, by
means of internal standard experiments involving 'F NMR,
determining the amount of the catalyst present in the
reaction mixture at the end of the reaction. The photo-
physical studies and, in particular, Stern-Volmer analysis
carried out on the full reaction mixture, revealed important
features in our reaction.

3DPAFIPN was chosen as the photocatalyst because of
its photophysical and redox properties.”” In deaerated,
stabilizer-free THF solution, it shows an absorption band in
the visible region (e=14900 M 'cm™' at A=370 nm; abs
onset at 470 nm in THF, Figure S6) and an emission band
peaked at 520 nm due to prompt fluorescence (r=3.6ns)
and delayed fluorescence (r=110 ps). The photophysical
investigation was therefore aimed at studying the interaction
between 3DPAFIPN and the species present in the reaction
mixture. Unexpectedly, upon addition of 20 uM Hantzsch’s
ester (HE) the delayed fluorescence of 3DPAFIPN shows a
biexponential emission decay of 18 and 110 us: upon
increasing the concentration of HE up to 130 uM, the
biexponential decays can be fitted by the same lifetime
components, but the shorter component has an increasing



contribution at the expense of the longer component (Fig-
ure S10). The short-lifetime component has been attributed
to a static quenching with the association between the
photocatalyst and HE at the ground state to form a complex,
namely 3DPAFIPN-HE. Under the experimental conditions
used to perform the reaction, the formation of this complex
is considered quantitative in view of the large excess of HE
present in the reaction mixture. Therefore, we can consider
the complex 3DPAFIPN-HE as the photoredox active
species (see Figure 2). We then analyzed quenching proc-
esses of this species by the different components of the
reaction mixture (see Supporting Information for more
details). No significant lifetime change was observed upon
addition of allyl acetate or naphthaldehyde, indicating that
no bimolecular quenching processes occur between the
complex and these two substrates. On the contrary, upon
further addition of HE (concentration higher than 130 uM),
a dynamic quenching of the emission of the 3DPAFIPN-HE
complex is observed (Figure S15, k,=2.11x10°M's™").

Quenching has been observed also in the presence of
NiCLL1 with k,=5.49x10°M's™" (Figure S14). Given the
higher concentration of HE in the reaction conditions
compared to that of NiCLL1 (see Supporting Information
for the determination of solubilities), the quenching effi-
ciency is higher for the former (79 %) compared to the latter
(21 %) and the first single electron transfer (SET) that takes
place leads to the reductive quenching of the lowest excited
state of the 3DPAFIPN-HE complex.

We also used photophysical measurments to evaluate
the association constant for the formation of the chiral
nickel complex upon mixing NiCl(glyme) and the chiral
ligand: the estimated association constant is 44700 M (see
Supporting Information), a value that ensures a quantitative
formation of the NiCLL1 in the reaction conditions.

To shed further light on the reaction mechanism and
explore the origin of enantioselectivity, we have performed
density functional theory (DFT) calculations (see Computa-
tional Details in Supporting Information). In the DFT study,
we have selected 1a and 2a as the reactants, and L1 as the
Ni" ligand. The complete mechanism is divided into two
main sections corresponding to the photoredox catalytic
cycle (Figure 3) and to the nickel catalytic cycle (Figure 4).

HE n=79%
SET
n
3DPAFIPN-HE * W["if” 3DPAFIPN-HE "
Visible Light

H

3DPAFIPN-HE

Figure 2. Schematic picture of the photocatalytic mechanism.

3DPAFIPN + HE

Photoredox Catalytic Cycle

The photophysical study described above indicated that the
initial formation of a 3DPAFIPN-HE complex is responsible
for photoredox catalytic reactivity, so we performed the
DFT calculations considering this complex reacting along
the reductive or oxidative cycles. These two photoredox
catalytic cycles (Figure 3) start with the same step, which is
the photoinduced excitation of 3DPAFIPN-HE to the
singlet excited state (Figure S16 and S17), eventually trans-
formed into triplet "3ADPAFIPN-HE by ISC (intersystem
crossing). Along the reductive cycle "3SDPAFIPN-HE (or
the singlet excited state *3DPAFIPN-HE in equilibrium
with it) is reduced to 3DPAFIPN-HE®~ by oxidation of HE
to HE'* (SET1), and the so-formed 3DPAFIPN-HE®" is
then oxidized to 3DPAFIPN-HE by the reduction of "1-Ni"
to 2-Ni' (SET2). The calculated le~ reduction potential of
the "3DPAFIPN-HE/3DPAFIPN-HE*~ pair is lower than
that of the HE**/HE indicating the SET1 is thermodynami-
cally less favored (Table 2). Differently, SET2 is highly
favored because of the lower le™ reduction potential of the
3DPAFIPN-HE/3DPAFIPN-HE® pair than that of the "1-
Ni"/2-Ni' pair.

Along the oxidative cycle "T3ADPAFIPN-HE is oxidized to
3DPAFIPN-HE'" by the reduction of "1-Ni" to 2-Ni'
(SET3), and the so formed 3DPAFIPN-HE®* is then
reduced to 3DPAFIPN-HE by the oxidation of HE to HE**
(SET4). SET3 is thermodynamically favored as the calcu-
lated le~ reduction potential of the "1-Ni"/2-Ni' pair is
higher than that of 3DPAFIPN-HE®'/"3DPAFIPN-HE,
while SET4 is unfavored as the le™ reduction potential of
the 3DPAFIPN-HE**/3DPAFIPN-HE pair is lower than
that of HE**/HE pair (Table 2).

In accordance with the calculated le™ reduction poten-
tials, both the oxidative cycle and reductive cycle are
characterized by one exergonic SET step and one ender-
gonic SET with lower activation barriers (Table S9 in
Supporting Information). Therefore, consistently with the
above photophysical experimental study, the DFT analysis
suggests that both cycles are possible, with the experimental
preference for the reductive quenching explained by the
higher concentration of the HE (see Figure 2 and related
discussion).

Table 2: Calculated reduction potentials, EmrEd in V, of the most
relevant species involved in the catalytic cycles shown in Figure 3 and
Scheme S3. The potentials are reported against the saturated calomel
electrode (SCE) at 298.15 K in acetonitrile solvent.

Half Reaction E V]
T3DPAFIPN-HE + Te"—3DPAFIPN-HE"~ 0.58
3DPAFIPN-HE + 1e"—3DPAFIPN-HE"~ —-1.63
3DPAFIPN-HE** + 1e"—"3DPAFIPN-HE —-1.38
3DPAFIPN-HE** + 1e"—3DPAFIPN-HE 0.83
HE'* +1e —HE 0.93
™-Ni"+HE** +1e —2-Ni'+ HE**/Cl~ —0.58
2-Ni'+HE"* +2a+1e —3-Ni’+ HE"* /CI~ —1.46
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Nickel Catalytic Cycle

As discussed before, the nickel precatalyst "1-Ni" is reduced
to 2-Ni', which can be considered as an active nickel
catalyst.”®) However, the first step, corresponding to oxida-
tive addition of 2a to 2-Ni', requires a very high activation
barrier of 41.9 kcalmol ' (Scheme S2), indicating that 2-Ni"
is catalytically inactive for the studied reaction. Never-
theless, similarly to T1-Ni"/2-Ni' discussed above (SET2), 2-
Ni' can be reduced to 3-Ni’ by 3SDPAFIPN-HE*~ within the
photoredox catalytic cycle. The details of the Ni'/Ni’
reduction are discussed in the Supporting Information
(Scheme S3). For the Ni’ species, we explored different
ligand variations (Figure S18), and we found 3-Ni’ reported
in Figure 4 as the most stable. Therefore, we investigated
nickel catalytic cycle starting with 3-Ni® as the active catalyst
(Figure 4). The energy profile and the mechanism of
formation of the desired S-product are shown in Figure 4,
while the geometries of the transition states leading to the
two enantiomers are reported in Figure S19. Focusing on
Figure 4, the nickel catalytic cycle starts with the oxidative
addition of coordinated 2a to the nickel atom of 3-Ni’ via
transition state [3-4]" and an energy Dbarrier of
16.0 kcalmol ™!, leading to "4-Ni". The moderate barrier
along with high the exergonicity (—12.1 kcalmol ') indicates
that this oxidative addition step is facile. The resulting Ni"-
intermediate "4-Ni" undergoes exergonic le~ reduction

coupled with 3DPAFIPN-HE* /3DPAFIPN-HE oxidation
to generate the Ni'-intermediate 5-Ni', through SET7 in
Figure 4. The latter is a highly exergonic process, with a AG
of —19.9 kcalmol ™. The reaction continues with the inser-
tion of the carbonyl group of 1a into the Ni-allyl bond in 5-
Ni' via transition state [5-6]¢* and an energy barrier of
11.9 kcalmol !, leading to 64-Ni". This corresponds to the
enantioselective step, with formation of the stereogenic
center. As an alternative, we tried to interchange the
sequence of SET and C=O insertion steps (pink line in
Figure 4). Along this pathway insertion of the carbonyl
group of 1a into the Ni-allyl bond in "4-Ni", via transition
state "[4-9]s* and an energy barrier of 12.5 kcalmol™', leads
to "9¢-Ni", from which one electron reduction, i.e. SETS,
leads to the common intermediate 6¢-Ni'. However, this
alternative pathway is energetically disfavored, and was not
considered further. Back to the favored pathway (blue line
in Figure 4), the next step is the hydrogen atom transfer
(HAT) from the radical species of HE**/AcO~ to 6¢-Ni',
which occurs via formation of the stable complex of "7g-Ni',
a step exergonic by 5.6 kcalmol™'. The HAT occurs via
transition state '[7-8]s" and a free energy barrier of
16.9 kcalmol ™, leading to 8s-Ni’ with the liberation of HP
(Hantzsch pyridine) and acetic acid. The desired product,
already formed in the 8¢-Ni’ intermediate, is replaced by
another molecule of 2a to regenerate the 3-Ni’.
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Figure 4. Proposed mechanism for the nickel catalytic cycle of allylation of aldehydes. For energy conventions, refer to Figure 3.

Origin of Enantioselectivity

Having clarified the overall mechanism leading to formation
of the experimentally favored S-product, we focused on the
enantioselective steps from 5-Ni' to 64-Ni', leading to the
formation of the S-product (Figure 4). Calculations indicate
that transition state [5-6]s*, leading to the S-product, is
favored by 3.2kcalmol™' over transition state [5-6]g",
leading to the R-product, which is in agreement with the
experimentally observed high enantioselectivity favoring
formation of the S-product. Inspection of the competing
transition state geometries (Figure 5) indicates that the L1
ligand shapes a chiral catalytic pocket’™ with hindered
north-west (NW) and south-east (SE) quadrants, and
unhindered north-east (NE) and south-west quadrants (SW)
quadrants. In the favored [5-6]s™ transition state the reacting
substrates are placed in the unhindered SW and NE
quadrants, minimizing steric interaction with the L1 ligand.
In contrast, the substrate is placed in the more hindered NW
and SE quadrants in transition state [5-6]z", with the L1
ligand bending away from the substrate, as evidenced by a
flattening of the bumps in NW and SE quadrants (note the
greenish color of the bumps in [5-6]z", compared to the
orange bumps in [5-6]s7). This steric clash between the
substrate and the L1 ligand explains the higher energy of in
[5-6]"

Conclusion

In summary, we have reported a highly enantioselective
methodology based on dual nickel and photoredox catalysis
for the stereoselective allylation of aldehydes. The role of
3DPAFIPN was thoroughly analyzed and carefully inter-
preted from the photophysical point of view, allowing to

a) Transition state [5-6].*

(A
5.00

3.75
2.50

1.25

1-1.25

—-2.50

-3.75

—5.00

Figure 5. Optimized geometries of transition states pro-S, i.e. [5-

6]s” (a), and pro-R, i.e. [5-6]z” (b), with the Ni atom, the N atom of the
L1 ligand and the substrates represented as ball-and-stick, overlapped
to the steric map of the L1 ligand. The emerging C—C bond is colored

in gold.

draw a mechanistic picture of the reaction which is addition-
ally supported by theoretical calculations. A distinctive
mechanism for the turnover of the nickel catalyst is
suggested, adding a new feature to the multifaceted



reactivity of the Hantzsch’s ester. This novel photoredox-
mediated enantioselective allylation is based on an easily
synthesized chiral ligand and Ni" species, and avoids the
manipulation of air-sensitive Ni’ in a glovebox. An inex-
pensive cooling apparatus guarantees the control of temper-
ature necessary for obtaining e.e.s from 89% to 94 %.
Further studies—aiming to extend this protocol to ketones
and to exploit other redox-active metals for enantioselective
photoredox reactions—are in progress and will be reported
in due time.
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