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ABSTRACT: Here we report a photocatalytic methodology that M R

enables the direct allylation of strong aliphatic C—H bonds with gH /g

simple allylic chlorides. The method relies on a cooperative —— 370 A HEP Rt

interaction of two metal catalysts in which the decatungstate chomival faedstonks Si’,’,’ll”e_ ;”V’ j’s';:gf:’e';‘i’t"’:,”'j’mes
anion acts as a hydrogen-atom abstractor generating a nucleophilic ~ natural products crorides + good yield and selectivity

carbon-centered radical that engages in an Sy2’ reaction with an
activated allylic 7-olefin—copper complex. Because of this dual catalysis, the protocol allows for the functionalization of a range of
chemical feedstocks and natural products under mild conditions in short reaction times.

llylation reactions are some of the most powerful and Scheme 1. Methods for C(sp®>)—H Allylation
useful tools for the construction of C—C bonds.'

. . . . a) C(sp®)-H allylation of activated C-H bonds
Installation on an allyl group provides a versatile synthetic

R
handle for further modification. Moreover, its ubiquitous X\T’R Rz%\/ocoznne @ XT\X/
. . . . . + _ 1
RlA_~
presence in bioactive compounds (or advanced intermediates) ¥ R ™= Pa. Cu. R RZ
makes these transformations very valuable for the medicinal X=EWG, O, N, Ar...

and pharmaceutical industries.” Traditionally, allylation re-

. . . . . b) C(sp"')-H allylation of unactivated C-H bonds using remote directing groups
actions have been carried out with prefunctionalized

substrates,® which often require prior preparation and involve G ‘

the formation of byproducts. In this context, the direct »I\/\/ K“/ ﬂé\/XHR
allylation of C—H bonds offers a more atom-efficient and Pe= et Rre
straightforward way to incorporate the allyl group into readily R R

available substrates. Methodologies for C(sp*)—H allylation x AT %\ >F,§H

are mainly based on the use of activated systems such as
C(sp®)—H bonds adjacent to carbonyl groups'®’ and

¢) C(sp®)-H allylation of unactivated C-H bonds with activated allylic sulfones

heteroatoms,® or benzylic and allylic positions (Scheme 1a).” A'\sf’o JBu
However, the direct allylation of unactivated C—H bonds has ar ‘

reagent
been less explored. -— O * EWGJ\/sogph —_—

Recently, radical-mediated hydrogen-atom transfer (HAT) EWG Cu ,t_G(%ECDY o eh EWG

has become a useful platform for the functionalization of 60°C,12h  EWG=COMe, SOPh  pc = photocatalyst
aliphatic C—H bonds.® In this context, remote allylation of d) Two-step photocatalytic Michael addition / HWE olefi
unactivated C—H bonds has been achieved by protocols R'CHO (1.5 equiv) EWe
involving photoredox-promoted generation of oxygen-~ and - +i\’6 AT mory) PO LIOfBu (1.1 equiv) R\)\
nitrogen-centered10 radicals followed by 1,5-HAT and P(O)OEt); 365nm LED P(O)(OE): 1140 °C, THF &

subsequent C—C bond formation (Scheme 1b). In contrast, r MeCH. Nz

the C—H allylation of unactivated alkanes lacking this type of
11

e) C(sp®)-H allylation of unactivated C-H bonds with simple allylic chlorides (This work)

dlrectmg group remains challengmg The groups of Kamijo, H w)cu R
Wuy,"” and Liang and Niu'"® disclosed catalytic approaches for R * 1J\/C\ —_—
3 simple alkanes R 370 nm LED R
the direct allylation of C(sp )—H bonds by using either chemical foedstocks M 4h
organic HAT photocatalysts'"'* or stoichiometric HAT natural products
reagents.'” Despite these advances, these methods are still
plagued by the requirement of long reaction times and/or high Received: August 26, 2022
temperatures, and the use of allyl sulfones activated by Michael Published: September 13, 2022

acceptors (Scheme 1c). Recently, Noél and co-workers
reported a two-step strategy for aliphatic C—H bond allylation
that involves the trapping of a C-centered radical generated by
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HAT photocatalysis with a vinyl phosphonate, followed by a
Horner—Wadsworth—Emmons olefination of the resulting
radical addition product (Scheme 1d)."*

Given the outstanding photochemical activity of the
decatungstate anion ([W,05,]*", DT) and its ability to
function as an efficient HAT 6ph0tocatalyst in several C—H
functionalization reactions,”'® we questioned whether we
could merge the DT photocatalysis with a copper-catalyzed
allylic alkylation to develop a C—H allylation of unactivated
alkanes with simple allylic chlorides. In this mechanistic
scenario, the photoexcited DT anion would be responsible for
the selective generation of an alkyl radical while the copper
catalyst would activate the allylic substrate (Scheme le). This
cooperative interaction would facilitate and substantially
accelerate the reaction, thus minimizing substrate and/or
product degradation that could arise from long irradiation
times.

We began our investigation by exploring the reaction
between cyclohexane 1 and allylic chloride 2 in acetonitrile
using tetrabutylammonium decatungstate (TBADT) as the
HAT photocatalyst under near-ultraviolet light irradiation
(Kessil 43 W 370 nm LED). After screening several reaction
parameters (see the Supporting Information), we found that
product 3 could be isolated in 62% yield after just 4 h when
using 1 mol % TBADT in combination with a co-catalyst
comprising 5 mol % CuCl and 6 mol % PPh; with collidine as
the base (Table 1, entry 1).

Table 1. Optimization Studies

TBADT (1 mol%)
CuCl (5 mol%)
PPhj (6 mol%)

Collidine (1.1 equiv)

O ’ Pth/Cl |

MeCN (0.1M), rt, 4 h Ph Ph
1 . 2 ) 43 W 370 nm LED, fan 3 3
10 equiv 1 equiv
conversion 3

entry” variation from standard conditions (%)° (%)
1 none >95 62
2 without the Cu complex 70 29
3 without PPh, 80 NV
4 PCy; or P(OPh), 80 50
S Cul or Cu(MeCN),PFy4 91 56
6 [Ni], [Pd], [Co], or [Zn] instead of CuCl >95 <38
7 KPO, 95 49
8 DBU, 24 h 80 10
9 pyridine, 24 h 66 30
10  no base, 24 h 82 514
11 S equiv of 1 90 S1
12 without TBADT or light - -

“Reactions run on a 0.5 mmol scale. “Conversion was determined by
'"H NMR analysis using 1,3,5-trimethoxybenzene as the internal
standard. “Yield of the isolated product. “Obtained as a 10:1 mixture
of products 3" and 3.

The use of the copper/phosphine catalyst turned out to be
crucial for the success of the reaction. Notably, when the
reaction was performed in the absence of the copper complex,
product 3 was obtained in low yield (entry 2). Importantly, we
generally observed that prolonged irradiation times caused
some product degradation. The absence of triphenylphosphine
(entry 3) and the use of other types of ligands (entry 4) were
also detrimental to both conversion and yield. CuCl could be
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replaced by other copper complexes without a significant loss
of efficiency, although product 3 was obtained in slightly
diminished yield in those cases (entry 5). Other co-catalysts
based on different transition metals such as Ni, Pd, Co, or Zn
systematically led to lower yields (entry 6). The nature of the
base also played an important role in the reaction. Potassium
phosphate also proved to be efficient for this transformation,
although to a lesser extent than collidine (entry 7). In contrast,
other nitrogen bases such as 1,8-diazabicyclo(5.4.0)undec-7-
ene (DBU) and pyridine led to poor results (entries 8 and 9,
respectively). A significant decrease in efficiency was observed
in the absence of a base (entry 10). Interestingly, in this case,
formal C—H alkenylation product 3" was obtained likely due to
HCl-promoted isomerization.'” The reaction can be performed
with fewer equivalents of cyclohexane (S equiv) albeit with a
slightly lower conversion and yield (entry 11). Finally, control
experiments showed that the reaction does not proceed in the
absence of TBADT or light (entry 12). Evaluation of other
leaving groups revealed that allylic bromides, sulfonates, or
carbonates led to the C—H allylation product in almost
negligible yield mainly due to decomposition of the allyl
substrate under reaction conditions, while acetates or
phosphates remained almost unreacted (see the Supporting
Information for details). 1,2-Disubstituted allyl compounds
(e.g., cinnamyl chloride) did not provide the C—H allylation
product either.

Having established optimized conditions, we set out to
explore the scope of this C—H allylation reaction (Scheme 2).
The W/Cu catalytic system proved to be remarkably effective
with a range of allylic chlorides. Aryl-substituted substrates
were coupled with cyclohexane or cyclooctane providing the
corresponding products 4—13 in good yields regardless of the
electronic properties and position of the substituents on the
aromatic ring. Importantly, allylic chlorides bearing aliphatic
substituents such as a trimethylsilylmethyl group (14) or an
even more challenging 3-butenyl substituent (15) could also
be selectively coupled with cyclohexane without observing
functionalization of other C—H bonds of the structure.
Moreover, allylic chlorides bearing an extra chlorine atom or
a chloromethyl group, which offer an extra handle for further
synthetic modification, were also suitable reaction partners
yielding the corresponding products 16 and 17 in moderate to
good yields. In the case of the latter, the monoalkylation
product could be selectively obtained largely due to the short
reaction time because prolonged reaction times resulted in the
formation of mixtures of mono- and dialkylation products.

We then turned to evaluate the scope of the alkanes that are
suitable for this C—H allylation reaction. Cycloalkanes ranging
in length from five to eight carbons were allylated in good
yields (18—20). Linear aliphatic systems were slightly less
efficient, although they provided the corresponding products
21-23 with good regioselectivity (60—70%). Site-selective
allylation of methylene C—H bonds over the methyl C—H
bonds was observed in n-pentane and n-hexane (21 and 22,
respectively), with a preference over the less sterically
demanding methylene groups in the latter. Furthermore,
methine C—H functionalization was preferred over methylene
C—H functionalization as illustrated by the C—H allylation of
isopentane (23). Full regiocontrol was observed for the C—H
allylation of the f-position of cyclopentanone (24), according
to the preference of the electrophilic excited state of
decatungstate for the most hydridic C—H bonds."®
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Scheme 2. Substrate Scope”

TBADT (1 mol%)
CuCl (5 mol%)

PPh3 (6 mol%)
Collidine (1.1 equiv)

R'—H

MeO "
Bu

6,n=1,42% yield
7,n =3, 70% yield?

4, 54% yield® 5, 57% yield

MeCN (0.1M), 4 h, rt
43 W 370 nm Kessil lamp, fan

AIIyIlc Chlorides

R

‘Bu

8,n =1, 38% yield

X

R2

10, 50% yield 11, 55% yield 12, 35 % yield®

9, n =3, 68% yield?

OMe
13, 51% yield®

14, 45% yield® 15, 30% yield

Unactlvated Alkanes

16, 70% yield?

Natural Product:

From Eucalyptol

i@ﬁ(@

31, 26% yield®?

17, 33% yield

Actlvated Alkan

3559

3, 62% yield 18, 53% yield 19, 59% yield 20, 65% yield

2Exh

21,38% yield® 22, 40% yield® 23, 27% yield”
(6:3:1 a:b:c) (6:3:1 a:b:c) (6.3:2:1 a:b:ic) 24, 50% yield

minor regioisomer

R

25, 65% yield

28, 50% yield?
1.5:1rr.

1.4:1rr.

From Camphene

Ph
d
26, 45% yield? 27, 70% yield 32, 50% yield®d
10:1rr. 1.3 rr.

From Fenchone

(e}

33, 31% yield®d
1.3:1rr.

29, 0% vyield 30, 0% yield

OMe

“Reactions performed on a 0.5 mmol scale using 10 equiv of the alkane, unless otherwise noted. Yields refer to the isolated product. YReaction run
over 8 h. “Reaction run over 16 h. “Reaction carried out with 5 equiv of the alkane.

This C—H allylation reaction is not restricted to only
unactivated systems. Cyclic ethers and thioethers such as
tetrahydrofuran, 1,4-dioxane, and tetrahydrothiophene could
be selectively allylated at the a-oxy position in good yield with
excellent regioselectivity (25—27). Surprisingly, N-Boc mor-
pholine underwent C—H allylation predominantly at the a-oxy
C—H bond (28, 60% selectivity). This is in contrast with other
photoinduced C—H functionalization reactions of this hetero-
cycle in which selective functionalization occurs at the a-amino
C—H bond."*>" Along this line, we observed that N-Boc
pyrrolidine did not undergo this transformation as well as
other stabilized H-donors such as Indane. These results suggest
that a high level of stabilization of the photogenerated alkyl
radical results in nonreactive species for allylic substitution
under optimized conditions.

Finally, to illustrate the synthetic potential of this method-
ology, we performed the late-stage C—H allylation of aliphatic
natural products such as Eucalyptol (31, 26% yield, 1.4:1 rr),
Camphene (32, 50% yield, 1.3:1 rr), and Fenchone (33, 31%
yield, 1.3:1 rr). These examples show the capability of this
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transformation to install a synthetically versatile allyl group
onto complex aliphatic substrates without the need for
directing groups.

To gain insight into this transformation, some mechanistic
investigations were performed. When deuterated allylic
chloride 2-d was used under optimal conditions, product 3-d
was exclusively obtained (Scheme 3a). This deuterium labeling
experiment supports an Sy;2’ mechanism, while it suggests that
no isomerization of the allylic chloride occurs through
homolytic C—Cl cleavage.'” The use of a radical scavenger
such as TEMPO totally suppressed the formation of product 3.
In that case, only the cyclohexyl-TEMPO adduct was detected
while no formation of any allyl TEMPO adduct was observed
(Scheme 3b). Furthermore, a radical-clock experiment was
performed to assess the possible formation of the free chlorine
radical that might also serve as the HAT radical initiator.”’
When the reaction was run in the presence of diallyl
sulfonamide 35, which has been described as a chlorine radical

trap,20d no chlorinated product arising from a chlorine radical
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Scheme 3. Mechanistic Investigations

o

50% yleld 96%-d

kqo

a) Deuterium labelling experiment

ey

8%

“standard
condmons

b) Radical trapping experiment

5 mol% CuCl
1 mol% TBADT
1.1 equiv Collidine
2 equiv TEMPO

dry CH4CN (0.1 M)

CyH + J\/m
Y Ph

1 2 43 W LED (A=370 nm)
5 equiv 4h, RT
not formed detected by GC-MS
c) Radical clock experiment 239 m/z
“standard .
condmons Cy
CyH + cl o+ N
Y \/\ Ph
1
xeau 0, 0% yield
X= b yiel
Not observed =10, 47 % yield

d) UV-Vis experiments

02
0,18
0,16

014

cucl
0,12 CuCl,

CuCl + 1 + TBADT + hv (3h)

(=

CuCl +1 + 2+ TBADT + hv (3h
008 €

Absorbance (a u. )

006

004

0,02 PAA A A

430 480 530
Wavelength (nm)

addition was observed, somewhat ruling out this possibility
(Scheme 3c).

We next sought to explore the role of the Cu(I) complex.
UV/vis absorption spectroscopy studies (Scheme 3d)
demonstrated that Cu(II) species were not formed when a
mixture of TBADT (3 mol %), CuCl (3 mol %), and
cyclohexane (10 equiv) in MeCN was irradiated for 3 h. In
contrast, formation of Cu(II) species was observed (band at A
~ 465 nm)20b21 when the same experiment was performed in
the presence of allylic chloride 2. These results suggest that the
alkyl radical generated by TBADT-promoted HAT does not
interact with the Cu(I) complex to lead to an alkyl—Cu(II)
intermediate. Conversely, direct attack of the alkyl radical on
an allylic 77-olefin—Cu(I) complex” would afford the product
and an oxidized LCuCl, complex. Evidence for the formation
of the allyl—Cu(I) complex could be obtained by NMR studies
(see section 10.5 of the Supporting Information). Along this
line, the better performance observed when PPh; was used as
the ligand (Table 1, entries 1 and 10) may be due to a
maximized molecular orbital overlap between the phosphine—
copper(I) complex and the allylic chloride (i.e., interaction of
the 3d,, Cu orbital with the allylic C=C #* and C-Cl o*
orbitals).”
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On the basis of these mechanistic experiments and previous
photochemical studies of TBADT-mediated processes,"*'® we
propose the mechanism depicted in Scheme 4. First,

Scheme 4. Proposed Mechanism for the W/Cu-Catalyzed
C(sp®)—H Allylation of Alkanes

O

;“ fl
[WmOsz] H*
W10032]4*
LCuClI
E 2
@) [W100s] ﬁ
v A
370 nm N LCuCl, ) [Cu]
’d
G —Sy2’
« | LN F

photoexcitation of DT anion [W;,0;,]*" (A) would produce
triplet excited state [W;y05,]*™* (B), which abstracts a
hydrogen atom from the alkane to generate a nucleophilic
carbon-centered radical D upon formation of reduced species
C (H[W,,03,]°7). Addition of radical D to allylic z-olefin—
Cu(I) complex F through an S;;2 pathway’* would result in
the formation of product 3 and (Ph;P)CuCl, complex G. A
final collidine-assisted single-electron transfer between Cu

species G and reduced decatungstate H[W,,05,]°~ (E1/2
CuCl,/CuCl = 0.56 V vs SCE;*° E,;, [W;,03,]*/
[W05,]5 = =097 V vs SCEZé) would regenerate the

Cu(I) catalyst as well as the TBADT, closing both catalytic
cycles.

In summary, we have developed a practical methodology
that allows the direct C—H allylation of strong aliphatic bonds
with simple allylic chlorides. The combination of a light-driven
decatungstate-mediated hydrogen-atom transfer and copper
catalysis is key to enabling an efficient and fast coupling that
prevents product degradation. Under this dual catalysis regime,
a range of synthetically versatile C—H allylated structures can
be obtained in good yields directly from chemical feedstocks
and even complex natural products.
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