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Abstract: Catalytic alkylation of stable alkenyl C—O electro-
philes is synthetically appealing, but studies to date have
typically focused on the reactions with alkyl Grignard
reagents. We report herein a cross-electrophile reaction of
alkenyl acetates with alkyl bromides. This work has enabled a
new method for the synthesis of aliphatic alkenes from
alkenyl acetates to be established that can be used to add
more structural complexity and molecular diversity with
enhanced functionality tolerance. The method allows for a
gram-scale reaction and modification of biologically active
molecules, and it affords access to useful building blocks.
Preliminary mechanistic studies reveal that the Ni' species
plays an essential role for the success of the coupling of these
two reactivity-mismatched electrophiles.

Cross-electrophile coupling has recently emerged as a
powerful tool for forging Csp’~Csp® bonds.'! Reactions
involving alkenyl electrophiles allow for facile and precise
synthesis of aliphatic alkenes.”) The majority of studies in
this field describe coupling between alkenyl and alkyl
halides (Scheme 1, patha),”! and there are also several
reports demonstrating coupling of alkenyl triflates.”) How-
ever, the availability, stability, and cost issues associated
with these alkenyl reagents have spurred ongoing efforts to
develop new coupling fragments for alkene synthesis.
Alkenyl carboxylates, especially alkenyl acetates, are readily
available from abundant carbonyl compounds, and they are
inexpensive, stable, easy to handle, and more environ-
mentally friendly.”! However, due to the low reactivity of
these reagents,”! their coupling reaction with alkyl halides
remains to be disclosed (Scheme 1, path b).

Stable enol derivatives, including carbamates, pivalates,
and atom-economic acetates, have become attractive alter-
natives to organic halides within the cross-coupling arena.”
Much of the focus in this field has been the development of
arylation reactions for the synthesis of styrenes, where aryl
metallic reagents (e.g., Ar—M, M=B and Zn)" aryl
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halides,® and arenes” proved to be effective coupling
partners. By contrast, alkylation reactions that produce
aliphatic alkenes are rare (Scheme 2a). In 2009, Shi and co-
workers reported an iron-catalyzed alkylation reaction of
alkenyl pivalates with alkyl Grignard reagents.!'"”! Lately, the
groups of Jacobi von Wangelin and Knochel have reported
the alkylation reactions of alkenyl acetates using iron and
chromium catalysis, respectively.'! The coupling of alkenyl
carbamates was achieved by the Frantz group using iron
catalysis and very recently by the So group using palladium
catalysis.'"” Despite these formidable advances, these proc-
esses all rely on alkyl Grignard reagents as strong basic
coupling partners. New coupling technology for the alkyla-
tion of alkenyl acetates under mild conditions that allow
improved molecular diversity and functionality tolerance
would have a substantial impact on organic synthesis.
Herein, we report a cross-electrophile coupling of
alkenyl acetates with alkyl bromides (Scheme 2b). The
reaction proceeds under mild conditions and tolerates
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Scheme 1. Cross-electrophile Csp>~Csp® coupling of alkenyl electro-
philes with alkyl halides.

(a) Classic methods for alkylation of alkenyl carboxylates (ref. 5, 10-12)
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Scheme 2. Transition-metal-catalyzed alkylation of alkenyl carboxylates.

© 2021 Wiley-VCH GmbH


http://orcid.org/0000-0002-0961-1508
https://doi.org/10.1002/anie.202114556
https://doi.org/10.1002/ange.202114556
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202114556&domain=pdf&date_stamp=2021-12-10

GDCh
~~

various functionalities, including groups that are sensitive
towards Grignard reagents (e.g., alkyl-Cl, RCON-H, R-CN,
and RCHO). It thus offers access to aliphatic alkenes from
readily available alkenyl acetates with a scope that is
complementary to the established methods.l*?

We recently reported a reductive benzylation reaction of
alkenyl acetates.”! However, under these conditions, the
reaction was only effective with primary benzylic ammonium
salts to form allylarenes, and it failed to give any alkylation
product when nonbenzylic substrates, either ammoniums or
halides, were employed. This encouraged us to develop a
new catalytic system for producing common aliphatic
alkenes from alkenyl acetates. We found the ligand, solvent,
and reductant all play essential roles for this reaction (see
Table S1 in Supporting Information for details). After
numerous trials, we determined that the combination of
NiBr,(diglyme), 5,5'-dmbpy (5,5'-dimethyl-2,2-bipyridine)
and Zn gave the best result, affording 3a in 91 % yield
(Scheme 3). Various styryl acetates were tolerated (3a-i).
The reaction was selective for the alkylation of alkenyl over
aryl acetate (3i). The reactions of heteroaryl-substituted
alkenyl acetates, including furan (3j-1), thiophene (3m),
pyrole (3n), pyridine (30), thiazole (3p), and pyrazole (3q),
generally afforded the target products in moderate to high
yields. Dienyl acetate gave 3r in a useful yield. The use of
unactivated cyclic alkenyl acetates resulted in the formation
of alkyl dimers and recovery of alkenyl acetates; this issue
has been addressed by a slight modification of the conditions
using Mn and DMF instead of Zn and DMA (3s and 3t).
However, the unactivated acyclic alkenyl acetate presently
still does not work (3u). The 1,2-disubstituted alkenyl
acetates were less effective, resulting in partial inversion of
the stereochemistry.!"! For example, the reactions of (Z)-1v
and (E)-1w gave 3v (Z/E=1.5:1) and 3w (Z/E=1:1.9) in
32 % and 58 % yield, respectively.

B-Alkyl-substituted cyclic enones are key building blocks
in organic synthesis, but their synthesis often requires
complex procedures.™™ Our method offers an alternative,
direct approach to produce this class of compounds. Cyclic
enones, ranging from five- to seven-membered rings, were
coupled efficiently (3x—ad). Substituents at either the 2- or
S-positions were tolerated (3z-ab). The 2-acetylalkenyl
acetate (3ae) and 2-pyrone substrate (3af) were alkylated in
81 % and 71 % yield, respectively.

The scope of reactions with primary alkyl bromides is
shown in Scheme 4. Simple long-chain alkyl bromides gave
products 3ag-aj in high yields. The use of reactive alkyl
halide, benzyl bromide, afforded 3ak in 70 % yield. Alkyl
bromides bearing functionalities such as terminal alkene
(3al), alkyl fluoride (3am), alkylsilane (3an), ether (3ao0),
ketone (3ap), amide (3aq and 3ar), mesylate (3as), and
skipped diene (3at) were tolerated. The reaction of complex
alkyl bromide afforded 3au in 50 % yield. The Grignard-
sensitive functionalities such as alkyl chloride (3av), nitrile
(3aw and 3ax), aldehyde (3ay), aryl ketone (3az), phenol
(3ba), and secondary amide (3bb) were tolerated. The
ability to introduce functionalized alkyl units makes this
method complementary to the established methodologies
for the alkylation of stable alkenyl C—O electrophiles.!"*"
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Scheme 3. Scope of the reaction with alkenyl acetates.”! [a] Acetates
1a-af (0.2 mmol) and bromide 2a (3.5 equiv) were used, and the yields
were isolated yields. b) Mn (4.0 equiv) and DMF (0.6 mL) were used.
c) 3v (Z/E=1.5:1) was formed from (Z)-1v.d) 3w (Z/E=1:1.9) was
formed from (E)-1w.

The reaction of alkenyl carboxylates with secondary
alkyl species has been less investigated.'*" We then
focused on this task (scheme5). Cyclic alkyl bromides,
ranging from four- to seven-membered rings, were coupled
with 1aa to afford the target products 3bc-bf in moderate to
high yields. Nonaromatic heterocycles, such as tetrahydro-
pyran and piperidine, are prevalent in pharmaceuticals, and
both were introduced efficiently via C—C bond formation
(3bg-bi). The benzene-fused five- and six-membered rings
afforded the desired products 3bj and 3bk in 87 % and 84 %
yields, respectively. A bridged bicyclic molecule, 2-bromobi-
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Scheme 4. Scope of the primary alkyl bromides." [a] Reaction condi-
tions as shown in Scheme 3; 1a (0.2 mmol) was used, and the yields
were isolated yields. [b] Alkenyl acetate 1aa was used. [c] 1-(4-
tolyl)alkenyl acetate 1ag was used. [d] Reaction at 30°C. [e] Reaction for
72 h.

cyclo [2.2.1] heptane, afforded alkylated product 3bl in 60 %
yield. Besides cyclic substrates, many acyclic alkyl bromides
were also coupled well, resulting in the target products
3bm-bp in moderate yields. Attempts to perform the
reaction with tertiary alkyl bromide have so far been
unsuccessful (3bq). In this case, most of alkyl bromide was
transferred to alkyl-H and B-hydride elimination products,
with alkenyl acetate mostly protonated.

Synthetic applications of this method are demonstrated
in Scheme 6. 1) Aliphatic enone 4 is the key intermediate
for the synthesis of various biologically active molecules,
including a-acoradiene, isoitalicene, and y-curcumene
(Scheme 6a).'! However, its synthesis always requires
complex procedures and harsh conditions (e.g., using lithium
reagents). Our method offers a mild and simple protocol to
obtain compound 4. 2) Curcumene ether 6 was isolated from
the plant Thuja orientalis, and its synthesis has been
reported by several groups."”! Here, we demonstrate an
alternative approach, in which the gram-scale reaction of
alkenyl acetate 1ag and 2a afforded alkene 5 in 82 % yield
(1.52 g), which was then transformed into (+)-curcumene
ether in 65 % yield for two steps (Scheme 6b). 3) The mild
reaction conditions allow the method to be used for
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Scheme 5. Scope of the reaction with secondary and tertiary alkyl
bromides." [a] Reaction conditions as shown in Scheme 3, 1aa
(0.2 mmol) was used, isolated yields. [b] 1z (0.2 mmol) was used.
[c] 4,4'-Di-tert-butyl-2,2'-bipyridine (‘Bu-bpy) was used.

functionalizing structural complex molecules. For example,
alkyl bromides derived from diacetone-d-glucose (7), 1-
menthol (8), and epiandrosterone (9) were coupled with
alkenyl acetates readily (Scheme 6c¢).

To gain insight into the mechanism of this reaction, we
prepared both Ni” and Ni' species, Ni(BC), and Ni(BC),Cl
(Scheme 7). The use of BC as a ligand since the Ni'
complex of 5,5-dmbpy failed to be purified,"” and the
reaction with BC also gave 3a in 53 % yield, which is the
second-best result (Table S1, L11). As is consistent with
those observed for the reaction with Ni(cod),/L3 (1.0/
1.5 equiv) (Table S1, entry 8), the stoichiometric reaction of
1a and 2a with Ni’(BC), gave no product 3a (Scheme 7a).
However, the use of Ni'(BC),Cl resulted in 3a in 17 % yield
(Scheme 7b). This might be due to the fact that Ni’ highly
favors alkyl-Br 2a over alkenyl acetate 1a (35 % alkyl dimer
and 0% alkenyl derivatives), whereas Ni'-Cl reacts with
both reactants (11% alkyl dimer and 12% alkenyl
derivatives).” Meanwhile, treating Ni"(BC)Cl, and BC with
Zn (50 equiv) in DMA, for either 2 or 12 hours, all gave
Ni'(BC),Cl (Scheme S4 in Supporting Information). These
results suggest that, unlike a common pathway of Csp>~X
electrophiles activated by Ni’,”!! alkenyl acetate is activated
by Ni' under our conditions.”

The control experiments suggest that the alkyl bromide
is activated via a radical mechanism. For example, 1) the

© 2021 Wiley-VCH GmbH
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Scheme 6. Synthetic applications.” [a] Reaction conditions as shown in
Scheme 3; alkenyl acetate (0.2 mmol) was used; yields are isolated
yields. [b] ‘Bu-bpy (15 mol%) was used. [c] Acetate 1ag (8.0 mmol) was
used; see Supporting Information for detailed reaction conditions for
the reaction of 5 to form 6.
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Scheme 7. Experiments to probe Ni' catalysis.” [a] Acetate Ta
(0.1 mmol) and bromide 2a (3.5 equiv) were used; reaction for 24 h;
GCyields are given; the theoretical yields of 3a, 10, and 11 are 50%.

reaction of optically pure alkyl bromide (S)-2ai (95 % ee)
afforded product 3bn in 54 % yield with no enantiomeric
excess (0% ee) (Scheme S9); 2) radical clock experiments
showed that the reaction of alkene substrate 2ap afforded
the cyclized product 13 in 41 % yield under the standard
conditions (Scheme 8a). To investigate a possible radical
chain mechanism, we evaluated the effect of catalyst
concentration on the distribution of products 12 and 13.1*!
We anticipated that, if the postulated mechanism was valid,
varying nickel concentration would result in a linear increase
in the ratio of 12/13. The results presented in Scheme 8a are
consistent with this expectation, thereby supporting the
conclusion that a radical chain mechanism may be involved.

Angew. Chem. Int. Ed. 2022, 61, €202114556 (4 of 6)

Angewandte

intemationaldition’y) Chemie

B Experiments that suggest a radical chain mechanism
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Scheme 8. Radical chain process and secondary kinetic isotope effect.”!
[a] Acetate (0.2 mmol) and bromide 2ap/2a (3.5 equiv) were used;
reactions for 24 h; NMR yields are given. [b] Reaction for 5 h. [c] The
value of ky/kp is an average of the two experiments.

Previous reports have shown that the coordination of
alkenyl acetates to metal catalysts plays an essential role in
their coupling reactions."! Our studies found that the use of
a mixture of 1a and D-1a resulted in a significant secondary
kinetic isotope effects of ky/kp=1.20 (Scheme 8b), suggest-
ing a rate-determining step of oxidative addition of coordi-
nation complex A to form complex B (Scheme 9).>*

On the basis of the above results and on previous
reports, we tentatively propose a catalytic cycle as shown in
Scheme 9.”°! The coordination of alkenyl acetate to Ni'
forms complex A."!! The oxidative addition of this complex
affords alkenyl-Ni"™' B, which undergoes reduction with Zn
or Ni' to give alkenyl-Ni"! intermediate C.”** The following
radical chain process is analogous to that previously
proposed.” The combination of C with alkyl radical,

1 R
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Alkyl *

R
I
2 )\;\“)/OAC
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product 3 D Alkyl

Scheme 9. Proposed mechanism.
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followed by reductive elimination, yields the desired product
3; the alkyl radical might be generated by reaction of alkyl
bromide 2 with Ni'-X species.” Reduction of Ni"X, with Zn
regenerates the Ni'-X catalyst (Scheme S4).

In conclusion, we have reported the first cross-electro-
phile coupling of stable alkenyl C—O electrophiles with alkyl
halides. This work has established a new method for the
synthesis of aliphatic alkenes from alkenyl acetates with a
scope that is complementary to those of the established
methods. The reaction proceeds under very mild conditions
and tolerates various functionalities. Primary, secondary,
cyclic and acyclic alkyl bromides are tolerated. These
features, as well as the ready availability of alkenyl acetates,
make this method applicable for facile access to essential
building blocks, and for the synthesis and modification of
biologically active molecules. Detailed mechanistic studies
and further expansion of the scope of the cross-electrophile
coupling of alkenyl acetates are ongoing in our laboratory.
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