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This work reports the first visible-light mediated cobalt-catalyzed
aldehyde allylation with simple alkenes to produce homo-allylic
alcohols. This novel strategy directly uses easily available unacti-
vated alkenes as alternative allyl sources instead of pre-synthesized
allylic halides/alcohols, thus bypassing the need for exogeneous
reductants. Mechanistic studies suggest that the unprecedented
combination of allyl radical intermediates and Co' species to gene-
rate nucleophilic -allylcobalt" under photoredox conditions rep-
resents the key step in the catalytic cycle.

Introduction

The development of sustainable synthetic strategies for the
direct conversion of feedstock chemicals into high value-
added fine products with atom economy is at the core of
current organic chemistry.”? The addition of various
n-allylmetal species to carbonyls remains the most powerful
and reliable method for the synthesis of homo-allylic
alcohols.®”” However, pre-synthesized allylic halides/esters are
used, and excessive amounts of stoichiometric reductants are
necessary to regenerate nucleophilic z-allylmetal species,
suggesting the need for sustainable improvement. Against this
backdrop, the direct allylic C(sp*)-H functionalization of abun-
dant and easily available alkenes has attracted considerable
attention due to its overall synthetic efficiency.®°

Among various transition metals, cobalt is an Earth-abun-
dant and inexpensive transition metal with low toxicity.'>"" In
addition, its rich redox potential facilitates sustainable organic
synthesis.'>'? Since the early 20th century, cobalt has played a
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major role in fundamental industrial processes such as hydro-
formylation and the Fischer-Tropsch process.'*' Its key appli-
cations in modern organic chemistry are multiple, including
the Pauson-Khand reaction,'® hydrogenation,"”” C-H acti-
vation,'® and so on. However, cobalt is rarely used in carbonyl
allylation.’® Mita, Sato, and co-workers reported a cobalt/
Xantphos system with AlMe; for the allylation of ketones with
terminal alkenes.>>*' Most recently, the first photoredox and
Co-catalyzed reductive carbonyl allylation was reported inde-
pendently by Cozzi, Kleij, and our group.?*>>*>*2® In particu-
lar, Kleij et al. developed the elegant synthesis of syn-1,3-diols
via Co/organophotoredox dual catalysis with extensive mecha-
nism studies (Scheme 1a).*">® Additionally, Xia et al. disclosed
a photoredox/Co-catalyzed highly regio- and enantioselective
reductive coupling of alkynes and aldehydes.”” Xiao et al.
reported an elegant photocatalytic Co-catalyzed asymmetric
reductive  Grignard-type addition of aryl iodides to
aldehydes.*®*° Furthermore, Meng et al. reported an enantio-
selective Co-catalyzed aldehyde allylation with an exceptional
substrate scope.**'® To date, presynthesized allylic halides/
esters and excessive reductants are required for Co-catalyzed
carbonyl allylation.

In recent years, metallaphotoredox catalysis has been used
to perform various unconventional organic transformations by

a) Classical synthesis of nucleophilic n-allylmetal complexes for allylation
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Scheme 1 Strategies for the synthesis of nucleophilic z-allylmetal
species for carbonyl allylation.
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activating inert substrates.>” *' To further improve the sustain-
ability, and inspired by the recent outstanding studies of
Glorius and Kanai on photoredox and Cr catalysis,”*** we
investigated whether metallaphotoredox dual catalysis could
be an alternative and sustainable strategy to access
n-allylcobalt complexes from feedstock alkenes in a redox-
neutral manner (Scheme 1b)."**>*° We envisaged that photo-
catalyst-mediated single electron transfer (SET) between alkene
and Co" could generate a radical pair of allyl radical and Co',
which would further recombine into zn-allylcobalt complexes
for carbonyl allylation. Herein, we report the first successful
redox-neutral synthesis of n-allylcobalt complexes from alkenes
for aldehyde allylation, obviating the need for stoichiometric
reductants or activation reagents and thus contributing to
perfect atom-economy and environmental sustainability.

Results and discussion

Reaction optimization studies were initiated using benz-
aldehyde 1a and electron-rich 1,2-dimethoxy-4-allylbenzene 2a
as standard substrates (Table 1). Extensive screening revealed
that the optimised reaction conditions were: CoCl, (10 mol%)
combined with 4,4"-di-tert-butylbipyridine (L1, 10 mol%),
2,4,5,6-tetra(9H-carbazol-9-yl Jisophthalonitrile (4CzIPN,
2 mol%), and K3PO, (20 mol%) in DMF under irradiation with
a blue LED at room temperature for 72 hours. The homo-
allylic alcohol 4a was obtained in a satisfactory yield of 91%
with decent regio- and diastereoselectivity (dr = 8:1, Table 1,
entry 1). Notably, the reaction parameters significantly affected
the reaction outcome. As shown in Table 1, while various Co
salts failed to catalyze the reaction, CoBr, facilitated the
process, although the diastereoselectivity was low (dr = 5:1,
entries 2 and 3). Ligands were found to be important for allyla-
tion. When bipyridine L2 was used, the yield slightly decreased
to 89% with similar diastereoselectivity (dr = 8:1, entry 4).
However, phosphor ligands did not promote the reaction
(entry 5). Reactions were also highly sensitive to solvents.
Using various solvents such as CH;CN, CH,Cl,, THF, DMSO,
DMF, and DCE resulted in reduced yields and poor diastereo-
selectivities (entries 6-10). Further screening of other photoca-
talysts revealed that Ir(ppy).(dtbbpy)PFs (Ir-1) and Ir[dF(CF;)
ppylo(dtbbpy)PFs (Ir-2) catalyzed the reaction but afforded 4a
in lower yields (entries 11-13). Furthermore, the reaction did
not proceed in the absence of a ligand, a photocatalyst, or
light (entries 14-16). We noticed that in the absence of the
catalyst Co, 4a was obtained in 15% yield but with no
diastereoselectivity, indicating that a background reaction
occurred (entry 17). Interestingly, in the absence of base addi-
tives, allylic alcohol 4a was obtained in a yield of 66%, but
with only a 4:1 dr (entry 18). This result indicated that base
additives have a significant impact on diastereoselectivity.
Additionally, condition-based sensitivity testing showed that
the reaction was sensitive to H,O and a high oxygen
concentration.
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Table 1 Reaction optimization®?

CoCl; (10 mol%)

L1 %
OMe 4(:z(|:>?\1n(1§ ln/1c)>|%) { ore
mero s N o P ove
~ OMe  DMF 0.2 M, RT =z
1a 2a blue LED, 72 h 4a
Entry Variation from standard conditions Yield (%)
1 None 91 (dr=8:1)
2 CoBr, 76 (dr=5:1)
3 CoS0y, Co(acac),, Co(OAc),, Co(NO3), 0
4 L2 89 (dr=8:1)
5 L3-L9 0
6 CH,;CN 16 (dr=5:1)
7 CH,Cl, 7(dr=1.6:1)
8 THF Trace
9 DMSO 20 (dr=1.2:1)
10 DCE 12 (dr=4:1)
11 Ir-1 instead of 4CzIPN 48 (dr=4:1)
12 Ir-2 instead of 4CzIPN 74 (dr=6:1)
13 Ru-1 instead of 4CzIPN Trace
14 No ligand L1 Trace
15 No 4CzIPN 0
16 No light 0
17 No Co 15(dr=1:1)
18 No K;PO, 60 (dr=4:1)

@ Reaction conditions: 1a (0.5 mmol scale). ? Yields were determined by
'H NMR spectroscopy versus dimethyl terephthalate as an internal
standard. ° Diastereomeric ratios were determined by 'H NMR spec-
troscopy of crude products.

PR FiC DL N (PFo:
‘Bu‘\% an G Oﬁ
Mo, Lm “““ ’N""/m‘,,m “““ F :
ol C) i
By X ‘ N\ By X ‘ N\
F = F

FoC
11ldF (CF2)ppyl(dtbbpy)PFg Ir-2

A X
e
PPh, LS O O o,
i
N PPh PPh PPM\?
9 « hy pgp PPNz F*Pn2 PPh, 2 2 “ior

XantPhos L7

Ru(bpy)s(PFe); Ru-1 4C2IPN

DPEPhos L8 L9

After establishing the optimal reaction conditions, we ana-
lyzed the scope of the allylation reactions (Table 2). The redox-
neutral Co-catalysis system was generally active during allyla-
tion with diverse aromatic and aliphatic aldehydes, affording
homoallylic alcohols in good to excellent yields with accepta-
ble regio- and diastereoselectivity. Both primary and secondary
aldehydes facilitated allylation with generally satisfactory
yields and diastereoselectivities (3a-3f). However, tertiary piva-
laldehyde failed to react, probably due to the large steric hin-
drance. Notably, the terminal chlorine atom on the alkyl chain
(3¢) was successfully preserved under mild redox-neutral con-
ditions. The catalytic system was sensitive to the electrical pro-
perties of the substituents on the aromatic ring. Both electron-
rich groups, such as methoxyl 4m and methylthio 4j, and elec-
tron-withdrawing groups, such as fluorine 4d and trifluoro-
methyl 4f, yield homoallylic alcohols with comparable
diastereoselectivities. The sterically hindered mesitylaldehyde
4i was subjected to allylation. Heteroatoms such as the pro-
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Table 2 Scope of allylation reactions®®

K3POy4, DMF, RT o
1 2 3,4,5,6

OH
Co, (PC
Ar/NPh.
RCHO +  _~_AIINPhy @. R)\( 2

Scope of Alphatic Aldehydes

OH OH OH OH OH OH
Arq FsC Arq cl Arq Arq Arq Arq
N N N A N BocN X
3a70% d.r.=10:1 3b 70% d.r.=9:1 3¢ 50% d.r.=13:1 3d 67% 3e 64% d.r.=10:1 3f67% d.r=7:1
d.r=15:1
Scope of Aryl Aldehydes
OH OH OH OH OH OH
s B x OO N £ X cl ~ FsC =

4b 92% d.r.=8:1

4a 88% d.r.=8:1 1.56 g, 87% yield 4¢ 90% d.r.=10:1 4d 50% d.r.=7:1 4e 91% d.r.=5.6:1 4f 55% d.r.=4:1
.r.=8:
OH
OH Me OH Me OH OH OH o
Ary Ary Ary Ary Ary 1
N N N N MeO ~
Me x Me Me MeS MeO
OMe
49 75% d.r.=10:1 4h 87% d.r.=8:1 4i 54% d.r.=13:1 4j 64% 4k 78% d.r.=9.7:1 4153% d.r.=8:1
d.r.=9.3:1
OMe OH OH OH OH OH
Me0:©/k<-\r1 @J\CH g ’ Ary J ’ Arq ~ Ary
\ \
MeO = 0 N o ~ s N s
4m 56% d.r.=5:1 4n 90% d.r.=7:1 40 93% d.r.=10:1 4p 80% d.r.=4:1 4q 79% d.r.=10:1 4r 51% d.r.=5:1
Ac OH
N Ary OH J OH OH —
I BN Ary A Arq N Arq
A [ j/ conjugated aldehyde Y Ary=
N/ X X e OMe
MeO
4s 73% d.r.=12:1 4t 82% d.r.=4:1 4u 55% d.r.=4:1 4v 75% d.r.=13:1

OH
NPh,
4 OBn O OBn OCgH13
o o N § N Ph ~

5a 93% d.r.=14:1 5b 74% d.r.=6:1 5¢ 94% d.r.=7:1 5d 62% d.r.=7:1 5e 51% d.r.=7:1
OH » OMe
NPh 1§ OH N 4 OO P8
oo = i
< “ O QO 10
F N

T N

5f65% d.r.=3:1 59 63% d.r.=5:1 5h 87% d.r.=14:1 5i 86% d.r.=10:1 5j 40% d.r.=5:1

late-stage functionalization of structurally complex molecules

OH OH
OH .
from bezafibrate o /@)\(An from febuxostat 5 from oxaprozin @)\CH
]
o) (o]
O
(o] %o X 3 m N N
o) o Ph = o
b N A<\ﬁo
il NC

Ph
6a 75% d.r.=8:1 6b 70% d.r.=8:1 6¢ 88% d.r.=8:1

Cl

“Isolated yields of two diastereoisomers. Reactions were performed at the 0.5 mmol scale for 1 (1 eq. DMF 0.2 M), 2 (3 eq.), 4CzIPN (2 mol%),
CoCl, (10 mol%), L1 (10 mol%), and K5PO, (20 mol%) in the presence of a blue LED for 72 hours (for details see ESI $31). ” Diastereomeric ratios
were determined by "H NMR spectroscopy of crude products.

tected amine 3f did not interfere with the catalytic cycle. method showed impressive compatibility with various hetero-
Heteroarenes are frequently found in the core structures of arenes, such as furans 4n, 40, and 4q, thiophenes 4p and 4r,
natural products and pharmaceuticals. The newly developed and 5-methoxyindole 4s. However, the presence of the pyridine

This journal is © The Royal Society of Chemistry 2022 Green Chem., 2022, 24, 9027-9032 | 9029
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group 4t resulted in a low diastereoselectivity (4 : 1) but a high
yield (82%), indicating that the nitrogen atoms on pyridine
exhibit strong coordination properties and possibly interact
with metallic cobalt. Furthermore, the synthesis from highly
active conjugated aldehydes, which were challenging sub-
strates in the previous strategy, was facilitated to successfully
afford 4u and 4v. The substrates can be extended to additional
alkoxylated allyl-benzenes such as 5a-5d, where the benzyloxy
group could be deprotected under mild conditions to generate

OMe
TEMPO (3 equiv) g O

4-Biphenylcar 2
. OMe
standard conditions o
Ph

-boxaldehyde *

. -e
via 2a™ J_ +

H
N TEMPO X

Arf N or N~ N
10a Ary” O Arq O

MeO .
A © :@i‘t 10a-1 10a-2
ry=
MeO HRMS-ESI (m/z) [C2oH31NO3 + H]*

calculated 334.2377, found 334.2375

4b not observed

Fig. 1 TEMPO trapping experiments (for details please see ESI S8+).
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a free hydroxy group. Nitrogen-containing substrates such as
N-allyl-diarylamine were successfully used to obtain the
desired 1,2-amino alcohols (5e-5g). To determine the scalabil-
ity of the reaction, a gram-scale synthesis of 4b was performed
under the standard conditions. Satisfactorily, product 4b was
obtained in 87% yield (1.56 g) without deterioration. The mild
photocatalytic and redox-neutral conditions provide a great
opportunity for potential application in the late-stage
functionalization of structurally complex molecules, including
bezafibrate, febuxostat, and oxaprozin derivatives. The desired
products 6a-6¢ were obtained in decent yields. The use of the
Earth-abundant cobalt, broad compatibility with sensitive
functional groups, and simple reaction conditions are condu-
cive to laboratory and industrial applications.

A series of mechanistic experiments were performed to
investigate the active intermediates in the catalytic cycle. First,
radical trapping studies indicated that the reactions were
greatly inhibited by the addition of TEMPO (2,2,6,6-tetra-
methylpiperidinyloxyl) as a radical scavenger (Fig. 1). The
radical-capturing reaction resulting in the formation of
adducts 10a-1 (or 10a-2) was confirmed by mass spectrometry
via careful analyses of crude reaction mixtures. Thus, the allyl
radical 10a was indeed generated via the radical cation [2a]™"

B 4CzIPN emission quenching by 2a
2> 104
‘@

=
1)
£
el

(5}
N OomM
: 1
5 54 20mM
b4

0 . : . : . : . : .
450 500 550 600 650 700
Wavelength A (nm)
solution a

tBu

7

x-N, PCQ
\\:ct,u + \/\Ar1 |_>

= IN 2a SET

X

7

tBu

tBu

tBu

Fig. 2 (A and B) 4CzIPN emission quenching by the Co catalyst and 2a. (C) UV-vis spectroscopy of cobalt species in the reaction. (D) Possible Co

species in the reaction (for details please see ESI S77).
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by the sequential loss of an electron and a proton under
photo-irradiation, suggestive of the radical nature of the reaction.

Stern-Volmer luminescence quenching studies were con-
ducted to probe the SET between the photocatalyst and the
reaction substrates (Fig. 2A and B). These studies showed that
both LnCo™ 7 and allylbenzene 2a can readily quench the
luminescence of 4CzIPN. The higher concentration of 2a com-
pared to that of the Co catalyst in the reaction suggests the
strong feasibility of reductive quenching of the excited state of
4CzIPN with 2a.

UV-vis spectroscopy studies were also carried out to obtain
further insight into the reaction mechanism (ESI S71). CoBr,,
L1, K3PO, and 4CzIPN were added into a solution of DMF
(Fig. 2D, solution a). Initially, no color changes of the resulting
mixture were observed in the dark even at higher temperatures,
indicating that the ground-state SET cannot take place.
However, when the mixture was irradiated with a 450 nm LED,
the color changed gradually from green to brown within
120 minutes (Fig. 2D, solution a to b). Simultaneously, the UV-
vis spectroscopic analysis of the reaction revealed that a strong
absorption band at 350-460 nm appeared rapidly in about
20 minutes, and another weak but broad absorption band at
580-720 nm appeared eventually (Fig. 2C). All these data
clearly suggest the occurrence of a photo-induced electron
transfer with the generation of new Co species. The broad
absorption band at 580-720 nm might be suggestive of the
presence of a small number of LnCo' 8 species, which is con-
sistent with previous studies.>*?****" ILnCo' 8 may undergo
oxidation by protons to generate LnCo™-H 11,'*%%%52 or
react with the allyl radical 10 to form key nucleophilic
m-allylcobalt™ 12. Given the experimental results, the combi-
nation of the allyl radical 10 and LnCo' 8 represents the major
pathway under the current photoredox conditions. Therefore,
and based on our previous studies,”® we tentatively assigned
the UV absorption band at 350-460 nm to w-allylcobalt™ 12. It
is worth noting that, although the photo-induced homolytic
cleavage of the Co-C bond to generate the Co™ and C-centered
radical species has been well documented previously,*® to the
best of our knowledge, the combination of the allyl radical and
Co' to produce r-allylcobalt™ species under photoredox con-
ditions is unprecedented.*°

Based on the above experimental results and previous litera-
ture reports, we proposed the catalytic cycle shown in Fig. 3.
Initial excitation of 4CzIPN generates the photoexcited
*4CzIPN species (Ey/, (*P/P7) = 1.35 V).>* In the first SET event,
the oxidation of allyl arenes such as 2a by *4CzIPN generates
the aryl radical cation 9, which is then rapidly deprotonated by
a base to generate the allyl radical 10. At the same time, LnCo™
7 is reduced by 4CzIPN"~ (E;;,(P/P7) = —1.21 V) to LnCo' 8, fol-
lowed by rapid combination with the allyl radical 10 to
produce the key nucleophilic r-allylcobalt™ 12 in the SET
event. Eventually, the coupling of n-allylcobalt™ 12 with the car-
bonyl group forms a new C-C bond in the alkoxycobalt
product. The protonation of the Co-oxygen bond releases Ln-
Co™ 7 and the homoallylic alcohol product to complete the
catalytic cycle.

This journal is © The Royal Society of Chemistry 2022
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= 12
o .
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9 10

Fig. 3 Proposed catalytic mechanism.

Conclusions

In summary, this study reports a novel photocatalytic redox-
neutral synthesis of nucleophilic n-allylcobalt™ from easily
available unactivated alkenes. This eco-friendly photoredox
reaction enables the allylation of various aldehydes, bypassing
the use of stoichiometric amounts of reductants such as
metals or amines. The success of this reaction depends on the
generation of nucleophilic allylcobalt” via the unprecedented
combination of allyl radical intermediates and LnCo' com-
plexes under mild photoredox conditions.
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