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ABSTRACT: An easily accessible copper(I)/N-heterocyclic
carbene (NHC) complex enables a regioselective hydride
transfer to allylic bromides, an allylic reduction. The resulting
aryl- and alkyl-substituted branched a-olefins, which are
valuable building blocks for synthesis, are obtained in good
yields and regioselectivity. A commercially available silane,
(TMSO),Si(Me)H, is employed as hydride source. This
protocol offers a unified alternative to the established metal-
catalyzed allylic substitutions with carbon nucleophiles, as no
adaption of the catalyst to the nature of the nucleophile is
required.

he transition-metal-catalyzed allylic substitution is a

widely applicable method to generate terminal alkenes
bearing a-substitutions. Branched a-olefins 2 bearing alkyl and/
or aryl substituents can be accessed by appropriate catalytic
systems from 1 and a nonstabilized carbon nucleophile
(Scheme 1, top). While for these transformations copper
catalysts have been most thoroughly studied,'~” a variety of
other metal catalysts have also been disclosed.*”"*

Scheme 1. Allylic Substitution vs Allylic Reduction”
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“Nu” = nucleophile, LG = leaving group.

In contrast, the alternative pathway employing a hydride
nucleophile with the corresponding higher substituted allylic
substrates 3 has been less investigated (Scheme I,
bottom)."*™*' This approach—the allylic reduction—bears
the advantage that a single catalyst could give rise to a wide
variety of alkene products 2 if the catalytic process equally
tolerates aryl and alkyl substituents. The required allylic
acceptors 3 could be accessed employing similar routes as for
1, e.g, by formation of the alkene by Horner—Wadsworth—
Emmons reaction followed by reduction and generation of the
appropriate leaving group.
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Pd-catalyzed allylic substitutions with hydride nucleophiles
have been reported.'*">*** These transformations have mainly
been applied in protecting group manipulations.” It should be
noted that recently an alternative organocatalytic approach to
allylic reduction employin§ phosphetanes and an aluminum
hydride has been reported.”

We reasoned that a protocol relying on cheap and readily
available copper catalysts employing silanes as hydride source
would be a useful approach to catalytic allylic reductions, given
the success of copper-catalyzed allylic alkylations." An allylic
reduction based upon Cu—H complexes would be synthetically
attractive, since these compounds generally display high
functional group tolerance.”> We herein report an unprece-
dented*>*” copper(I)-catalyzed allylic reduction protocol with
silanes.

The reaction of f-methyl cinnammic acid derived bromide 4
to the corresponding terminal and internal alkenes § served as
test reaction for optimization studies (Table 1). We opted for
readily available and well-defined”® copper(I)/NHC complexes
as a starting point of our investigation, as these compounds had
been described as effective catalysts for related hydrosilylation
reactions” and Sy2'-type hydride transfer to propargylic
acceptors.””*" Initial optimization studies revealed two general
trends:”” (i) Halogen leaving groups (Cl and Br) showed
conversion in the allylic reduction, whereas oxygen-based
leaving groups are not reactive. The reaction with allylic
chlorides proceeded with significantly lower conversion and
regioselectivity than with allylic bromides. (ii) With catalytic
amounts of NaOtBu (10 mol %), the reaction proceeds as well,
but extended reaction times (>72 h) are required to reach full
conversion.

Employing polymethylhydrosiloxane (PMHS), a commonly
used silane in Cu—H catalysis,”® and [IPrCuBr]*****' as
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Table 1. Optimization of the Copper(I)-Catalyzed Allylic
Reduction

5 mol % [IPrCuBr]
1 equiv NaOfBu

Me 2 equiv silane Me H Me
Ph)\A Br Ph)v + Ph)\/\H
4 solvent, temp 5 a5

entry solvent temp (°C) silane conv®  y/a ratio”
1 THF 35 PMHS" 95% 61:39
2 THF 35 monomer” full >95:5
3 THF 0 monomer® full >95:5
4 THF -78 monomer” 50% >95:5
S PhMe 35 monomer® full 66:34
6 1,4-dioxane 35 monomer* full 83:17
7 CyH 35 monomer® full? 22:78
8 0-C¢H,Cl, 35 monomer* full 93:7
9 PhCl 35 monomer” full >95:5
10° PhCl 35 monomer* full 95:5
11° THF 35 monomer* full” >95:5

“Determined by 'H NMR and GC analysis. "PMHS = polymethylhy-
drosiloxane. “Monomer = 1,1,1,3,5,5,5-heptamethyltrisiloxane. “10%
of an uncharacterized olefinic compound detected. “With 1 mol % of
[IPrCuBr]. 769% isolated yield.

catalyst, 95% conversion of 4 was detected with a slight
preference for the terminal alkene y-5 (y/a = 61:39, Table 1,
entry 1). With structurally related “monomeric PMHS”,
1,1,1,3,5,5,5-heptamethyltrisiloxane, full conversion and high
regioselectivity toward y-S was obtained at 35 °C (Table 1,
entry 2). Similar results in terms of regioselectivity were also
found at 0 °C and —78 °C, albeit with reduced conversion of
50% at —78 °C (Table 1, entries 3 and 4). During investigation
of the substrate scope, it was found that allylic bromides
bearing electron-withdrawing groups would reach full con-
version only at 35 °C; therefore, all of the ensuing reactions
were carried out at this temperature. The influence of the
solvent on the regioselectivity is profound: While the y/a ratio
was lower in toluene and 1,4-dioxane (Table 1, entries S and 6),
the regioselectivity was reversed in cyclohexane, favoring
internal alkene -5 (Table 1, entry 7). High regioselectivities
were also found in chlorinated aromatic solvents, such as o-
dichlorobenzene and PhCl (Table 1, entries 8 and 9). In the
latter and in THF, lowering the catalyst loading to 1 mol % of
[IPrCuBr] was possible without jeopardizing regioselectivity or
conversion (Table 1, entries 10 and 11, 69% yield of y-5 in
THF). With foresight to a practical overall process, the scope of
this copper(I)-catalyzed allylic reduction was investigated
employing THF as solvent.

With regard to substrate scope, generally, E-isomers of the
allylic bromides 6 were employed, however, with 6g (E/Z
74:26) and 6k (E/Z 56:44) mixtures of isomers were used.”” A
preference in reactivity of the catalyst for either alkene
stereoisomer or an influence on regioselectivity could not be
detected. We found that allylic bromides 6 bearing both aryl
and alkyl substituents were amenable to the optimized reaction
conditions (Scheme 2): Farnesyl bromide (6a) could be
converted to the corresponding terminal alkene 7a with
excellent yield and regioselectivity. Other dialkyl-substituted
alkenes such as 7b and 7c were produced with similar y/a
ratios. Methyl-substituted estrone derivative 7d was isolated
with excellent diastereo- and regioselectivity (78%, as a single
diastereomer, y/a = 97:3). Acetal 6e undergoes the allylic
reduction without removal of the protecting group (7e, 84%).
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Scheme 2. Substrate Scope of the Copper(I)-Catalyzed
Allylic Reduction

1 mol % [IPrCuBr]
1 equiv NaCtBu

R2 2 equiv RZH R2
(TMSO),Si(Me)H
R’J\ABr - - . R1>v + R1J\AH
6 THF, 35°C -7 o7
Me Me Me_ H nPr. H Me_ H
Me = = 7 nPrW nOct =
7a: 94% 7b: full conv®  7c: 73%
y/a = 991 y/a = 88:12 v/ = 92:8
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<\O
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=
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7d: 78% 7e: 84% 7f: 96%
y/ia=97:3 y/o = 94:6 y/o = 8812
single diastereomer
Me H Me, H

4-OMe-7g: 81%, y/o = 96.4 7j: 92% 7k: 71%
3-OMe-7h: 74%, y/a. = 87:13 y/o. = 90:10 yiow = 94:6
2-OMe-T71i: 85%, y/a. = 70:30 H
Me H
<OI>/K/
AcO.
71: full conv 7m: 76%°
y/o = 99:1 y/o=92:8
7n. 39%" 7o. 94%? 7p: full conv?
y/o = 96:4 y/o =937 y/o = 69:31

“Product is volatile. “Reactions were carried out at 0 °C.

Regarding the chemoselectivity of the present protocol, it was
shown by competition experiments that the other common
reaction of Cu—H complexes, such as the 1,2- and 14-
reduction,” can occur, but generally, the allylic reduction
proceeds faster.”” Of particular note is the fact that diphenyl-
substituted allylic bromide 6f can be transformed to alkene 7f
in excellent yield and good regioselectivity (96%, y/a = 88:12).
This successful result marks a rare case of y,y-diaryl-substituted
substrates for metal-catalyzed allylic substitutions.'*"***°
Aryl,alkyl-substituted allylic bromides are viable substrates for
the allylic reduction: Both electron-rich (OMe-substituted 6g—
i) and electron-poor allylic bromides (chloro-substituted 6j)
undergo the allylic reduction.

Shifting the methoxy substituent of substrates 6g—i from the
para- to meta- to ortho-position, the regioselectivity of the allylic
reduction decreased (y/a = 96:4 for 7g, 87:13 for 7h, 70:30 for
7i). The relatively low regioselectivity for 7i could be explained
by steric hindrance or coordination to the copper catalyst.
Thiophene-substituted 7k (71%, 94:6) could successfully be
synthesized via the allylic reduction protocol. Terminal alkene
71 was obtained (y/a > 99:1) without jeopardizing the allylic
acetate, showcasing the high chemoselectivity of the catalyst for
allylic bromides.

The copper(I)-catalyzed allylic reduction could be extended
to disubstituted allylic bromides; for best results in terms of y/
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a-selectivity, the reactions were carried out at 0 °C: Safrol (7m)
was obtained with good yields and selectivities (76%, 92:8).
Protected phenol derivatives 7n and 70 showed similar
regioselectivities. Finally, the allylic reduction method can be
used to produce skipped dienes: Cinnamylideneacetic acid-
derived bromide 6p could be converted to terminal alkene 7p,
albeit with a somewhat lower regioselectivity (69:31).

Next, the influence of substitutions at different positions of
the allylic bromide on the regioselectivity of the catalytic
hydride transfer was investigated. Employing A-methyl-
substituted allylic bromide 8 resulted in reversed selectivity
favoring the internal alkene @-9 (Scheme 3, top). In contrast, a-
methyl-substituted allylic bromide 10 gave the usual
regioselectivity in favor of the unconjugated alkene y-11
(Scheme 3, bottom).

Scheme 3. Copper(I)-Catalyzed Allylic Reduction: Influence
of Substitution on Regioselectivity

H
B a b . B
PN Br Ph Ph N H
Me Me Me
8 ¥-9 o-9

72%, ylo. = 4:96

Br H o H
b
Ph/\)&Me g Ph)\%Me * Ph/\)\qu

10 y-11 o-11
93%, yla = 95:5
yv-11: E/IZ = 95:5

“1 mol % of [IPrCuBr], 1 equiv of NaOfBu, 2 equiv of
(TMSO),Si(Me)H, THE, 35 °C. "As in 4, but at 0 °C.

Through optimization studies,” it was found that by strategic
choice of copper(I)/NHC complexes the regioselectivity of the
allylic reduction could be reversed toward the a-substitution
product. Adamantyl-substituted copper(I) complex [IAd-
CuBr]®' gives rise to internal alkene a-5 as only detectable
regioisomer under otherwise identical reaction conditions (84%
yield, Scheme 4). This switch in regioselectivity could be

Scheme 4. Allylic Reduction: Reversal of Regioselectivity

1 mol % [IAdCuBr]
1.0 equiv NaOtBu

Me 2.0 equiv Me
(TMSO),Si(Me)H
Ph)v Br Ph)\AH
THF, 35°C
4 o-5: 84%
vio <199

controlled by the stronger electron-donating ability of the NHC
ligand in [IAdCuBr], favoring ¢ — 7 isomerization of the
allylcopper intermediates,”” leading to a-5.

In summary, we have developed an allylic reduction protocol
with readily available copper(I)/NHC catalysts and a silane as
hydride source. The corresponding substituted branched a-
olefins are obtained with good yields and high regioselectivity.
Aryl and alkyl substituents on the allylic bromides are tolerated.
Therefore, this approach offers a practical and unified
alternative to other catalytic allylic substitutions, which
generally are highly optimized for one particular class of
nucleophiles. Studies toward the development of an asymmetric
variant are currently underway.
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