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Dehydrogenative Coupling

Ahmad A. Almasalmal® and Esteban Mejia*®

Abstract: C-H bond functionalization is a well-developed concept
that has been thoroughly studied and gives entry to rather complex
molecules without the need of previous derivatization of the
substrates, although the use of copper complexes for allylic C-H
bond functionalization under oxidative conditions as an alternative to
the well-established palladium-based methodologies remains largely
underdeveloped. Here we show for the first time a selective cross-
dehydrogenative coupling reaction between underivatized allylic
substrates and terminal alkynes to produce 1,4-enynes in high yields
in a single step, using an in situ synthesized copper catalyst and an
oxidant.

Allylic substitution is currently one of the most important
methods for the construction of C-C bonds and has been used
as a key step to access pharma intermediates and complex
target molecules like natural products.™ It is usually carried out
with palladium catalysts[? even though several metals including
copper, nickel, platinum, rhodium, iridium, ruthenium,
molybdenum and tungsten have been also explored.[! Almost
invariably, the key intermediate of these reactions is a (-
allyl)metal complex which can undergo a wide range of regio-,
chemo- , and stereoselective transformations (Scheme 1, A). An
important drawback of all these methodologies is that they
require electrophilic substrates with preinstalled leaving groups
at the allylic position like halides, phosphonates acetoxy, amino,
hydroxyl and carbonates. 3 4 The installation of these
functional groups requires additional synthetic steps, and
narrows the scope of this transformation. Therefore, the direct
utilization of allylic C—H bonds as C-C bond coupling substrates
is of high interest. Transition-metal catalyzed C-H bond
functionalization offers a good alternative to overcome these
problems.®!  These processes are atom-economic, make
synthesis protocols shorter and reduce the amount of produced
waste (metal salts), leading to sustainable processes, an
ultimate goal of our modern society in which environmental
concerns are of highest priority.

Most of the developed C-H functionalization methodologies
relies on the functionalization of C—H bonds at sp? carbons,
especially from electron-rich heterocycles and directing group-
containing arenes,® for both, kinetic and thermodynamic
reasons, the metal-catalyzed C-H functionalization at sp®
carbons devoid of functional groups is more challenging than
that at its sp? hybridized congeners,”! with the exception of C-H
bonds at benzylic and allylic positions.® Although copper-based
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C-H functionalization is a fairly active research field,’ when
compared to the amount of research done on Pd systems, one
can fairly say that is still underdeveloped. Most of the efforts on
this area have been focused on aromatic sp? hetero-
derivatization®® and on the synthesis of heterocycles.** Reports
on copper-catalyzed allylic C-H bond functionalization are still
scarce, even though allylic oxidation with peresters is known for
a long time (as the Kharash-Sosnovsky reaction).*?! Other allylic
C-H heterofunctionalyzation reactions have being developed,
namely  aminations®® and  phosphonations.*  Allylic
trifluoromethylation is one of the few rare cases by which C-C
bond formation has been achieved by means of Cu-catalyzed
allylic C-H functionalization.®*

Developed at the turn of the 21 century, the cross-
dehydrogenative coupling reaction (CDC), is a powerful and
elegant methodology for the formation of C-C bonds using two
different C-H moieties.*®! Following this breakthrough, various
efficient methods have been developed for sp® C-H bond
functionalization and subsequent coupling with sp, sp? and sp®
C-H bonds under relatively mild reaction conditions with good
selectivity.[*®2 171 One apparent limitation of the CDC approach is
that most derivatizations occur at a-C-H bond to heteroatoms
such as nitrogen and oxygen due to the prompt formation of

iminium and oxonium ions respectively, under oxidative
conditions (Scheme 1, B).[8l
A. Allylic substitution
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Scheme 1. C-C Bond forming methodologies relevant to this work (general
scheme). R, R, R”= alkyl or aryl; LG= leaving group; Nu= nucleophile
(organyl); M= Pt or Cu); M'’= main group metal (Li, MgBr); X= O or N; M"= Cu,
Zn or Ag

In a seminal report, Li and co-workers described the first
catalytic allylic alkylation reaction coupling an allylic sp® carbon
with a methylenic sp3-C using a combination of CuBr and CoCl,
as catalysts and a super-stoichiometric amount of tert-butyl
hydroperoxide (TBHP) as the oxidant.[*®! However, the extension
of this methodology to terminal alkynes has, so far, remained
elusive.
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To the best of our knowledge, this work is the first example of a

direct allylic C(sp®)—-H alkynylation reaction with terminal alkynes.

Compared with the “classic” allylic substitution approaches
(Scheme 2),”% this new methodology gives a more
straightforward access to 1,4-enynes, important structural
scaffolds in organic synthesis?! and core of several compounds
of pharmaceutical relevance.?? Thus, we hope, it might become
a valuable addition to the organic chemist’s toolbox.

Previous work (Li et al.): allylic CDC

o O
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This work: allylic alkynylation
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Scheme 2. Allylic C-C coupling reactions. TBHP=tert-butyl hydroperoxide;
DTBP=di-tert-butyl peroxide

We started our research by establishing the conditions for the
representative CDC reaction between phenylacetylene (1a) and
cyclohexene (2a) (Scheme 3). After an extensive screening of
various oxidants (Table S1), catalysts precursors (Table S2),
stoichiometric ratio of the reactants (Table S3), and ligands
(Table 1), we selected as the best conditions: 1a (1 equivalent),
an excess of 2a (10 equivalents), [Cu(NCMe)4PFs as the
catalyst precursor (5 mol%), 4'-(p-tolyl)-2,2":6',2"-terpyridine L3
as ligand (5 mol%) and DTBP as oxidant (2 equivalents) in
DMSO at 130 °C for 24 hours. Under these conditions product
3a was afforded in 70 % within 5 hours, 75% after 16 hours,
78% after 24 hours without any further increase of the yield after
48 hours.

The use of TBHP as oxidant (as reported by Li et al.) *¥ proved
to be ineffective, as well as other common oxidants including
benzoyl peroxide (BPO), 1,4 benzoquinone (BQ), Cu(OAc), and
oxygen. The chosen ligand also showed to play an important
role on the reaction efficiency; selected examples are presented
in Chart 1. The best results were obtained with terpyridine
derivatives (L1-L7), which, compared to the commonly used
bipyridins and phenantrolines (L8, L9 and L10), can prevent
more effectively the formation of metal aggregates and other
inactive complexes by ligation of multiple substrate molecules.?
Moreover, considering their strong o-donating properties, a good
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stabilization of copper(ll) and (Ill) intermediates can be
anticipated (see mechanistic discussion below). Other ligands
common in copper chemistry like bidentate phosphines, N-

heterocyclic carbenes and phtalocyanine proved to be
ineffective.
[CU(NCMe)4]PFg (5 mol%),
|‘| O L3 (5 mol%)
+
Ph DTBP (2 equiv) S
DMSO0,130 °C, 24h
1a 2a 3a Ph

Scheme 3. Optimized conditions for the allylic alkynylation reaction via CDC:
la (1 equivalent), 2a (10 equivalents), [Cu(NCMe)4]PF6 (5 mol%), L3 (5
mol%), DTBP (2 equivalents), DMSO, 130 °C, 24 hours

Table 1. Effect of chelating pyridine ligands on the yield of 3a.

L3 (R=CHj, 78%)
L4 (R=OCH,, 63%)
L5 (R=Ph, 62%)

O_CH3

_N
t-Bu
B

L8
18%
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Table 2. Substrate scope for the allylic alkynylation reaction via CDC.?
N 4
OOOOOOOOO
I\OH N S
Me n-Bu t-Bu OCH; N Cl
3a 3b 3c 3d 3e 3f 39 3h 3i 3j 3k
70% 60% 86% 54% 48% 73% traces 60% 46%C 71% 229
(58%)°
‘ ‘ ‘ Ph OCH; CF3 Ph Ph Ph Ph Ph
) f I I ) )
o, 0 o "
cl AN AN
Cl Br F Ph Ph
31 3m 3n 30 3p 3q 3r 3s 3t 3u 3v
30% 18% 72% 7% 72% traces 50% Isqmers 62% 67% 71%
b b mixture
(39%) (40%)

[a] Isolated yield. [b] Using L1.[c] NMR yield ...

While direct C—-H alkynylation (with terminal alkynes) has
recently emerged as one of the preferred approaches to access
substituted alkynes, this transformation is still challenging due to
the facile Glaser-type homo-coupling and polymerization of
terminal alkynes under oxidative conditions.[24 In our case, the
use of a tenfold excess of cyclohexene 2a was enough to
effectively slow down the undesired dimerization of la that
results in the formation of 1,4-diphenylbuta-1,3-diyne (4, Table
S3).

With the best conditions at hand, we decided to investigate the
substrate scope of this transformation with different types of
terminal acetylenes (Table 2). In all cases, the major by-product
was the corresponding prop-1-yn-1-ylbenzene derivative,
resulting from the methylation of the alkyne (vide infra). In
general, phenylacetylene derivatives bearing electron-donating
substituents on the phenyl ring showed good reactivity,
furnishing the desired products in high yields (3a-3f), except
from the 4-(N,N-dimethylamino)phenylacetylene, which led only
to trace amounts of the coupling product (3g). A plausible
explanation to this caveat might be the propensity of alkyl
amines to form radicals in a-positions (to the nitrogen), resulting
in uncontrolled side reactions.[ Interestingly, m-hydroxy
phenylacetylene could be successfully derivatized with our new

methodology without previous protection of the hydroxyl
functionality yielding the 1,4-enyne 3h in 60% yield. Electron-
deficient substrates were also reactive under these conditions,
although lower yields of 3 were obtained (3i-3n). Electron-rich
allylbenzene derivatives also proved to be effective substrates
for the CDC reaction with phenyl acetylene producing the
corresponding linear 1,4-enynes 30 and 3p in good yields and
requiring only a five-fold excess. On the contrary, reaction of the
electron-poor, CFs-substituded allyl benzene resulted only in
traces of the desired product (3q). The scope of the CDC
coupling with phenylacetylene was extended successfully to
other cycloalkanes. Although slightly lower yields were obtained
for larger rings (cyclooctene, 3r and cycloheptene, 3t) only the
desired product was observed. On the contrary, in spite of its
high reactivity (resulting on 67% conversion of 1a), the reaction
with cyclopentene afforded a mixture of isomers of difficult
separation (3s). The reaction was also successful when less
reactive aliphatic alkynes were used (3u and 3v).

In order to assess the nature of the radical species present in
the reaction mixture, radical trapping experiments using TEMPO
(2, 2, 6, 6-tetramethylpiperidin—1-yl)oxy were carried out (see
Supporting Information, Scheme S1). By adding 1 equivalent of
TEMPO to the reaction mixture 50 % of the expected product
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(3a) was obtained along with methylated TEMPO as the only
TEMPO-derivative. The use of higher amounts of the radical trap
(3 equivalents) resulted in complete inhibition of the cross-

coupling reaction, being the methylated TEMPO the only product.

These results underline the importance of the methyl radicals,
not only as a side product of the decomposition of the tert-
butoxy radicals, but as possible reaction partners for the
deprotonation of the allyl substrate 2.

A primary kinetic isotopic effect (see Supporting information)
was observed for C(sp®)-H bond cleavage (Scheme 4, A;
[3a)/[3a-Ds] =2.8), suggesting that irreversible C(sp®-H bond
cleavage in the cyclohexene occurs within the catalytic cycle,
although with the available data it cannot be said if it is involved
in the turnover-determining step of the overall transformation. 2!
Moreover, while no obvious kinetic isotopic effect was observed
for the C(sp)—H for phenyl acetylene (Scheme 5, B; ku/kp=0.89),
it can be concluded that C-H bond cleavage at the terminal
alkyne is not involved in the turnover-determining step (for a
detailed description on the determination of the reaction rates,
see Supporting information).

A. Determination of KIE for the allyl substrate

D Optimized
O condltlons

KIE 2.8
2a-D, 3a

1a 2a 3a-Dy

B. Determination of KIE for the terminal alkyne
ky KIE=0.89
@ . e A
Ph

2a
Scheme 4. Experiments for the determination of the kinetic isotope effects
(KIE)

kp

Although the exact underlying reaction mechanism remains
unclear, we postulate the pathway depicted in Scheme 5. In a
first step, DTBP (thermally) splits to generate two O-centered
alkoxyl radicals.?” The formed alkoxyl radicals can selectively
abstract a hydrogen atom from the allylic position of 2 to
generate the allyl radical 4.?81 Comparison of the corresponding
bond dissociation energies (BDE, kJ/mol) of both the O-H bond
in t-BUuOH —produced when DTBP is used— (444.9) and the
allylic C-H of propylene (368.6),) shows that this radical
abstraction is exergonic, hence thermodynamically favored.
Nevertheless, under our reaction conditions the formed tert-
butoxy radicals can decompose into methyl radicals and
acetone(equation 2).5% The produced open-shell species may
then react with the copper(l) catalyst [LCul]* in a reductive
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fashion to produce the oxidized copper(ll) complex 5.1 This
single electron transfer (SET) reaction should be feasible
considering the inherent electrophilicity of the alkoxy radical®®
and the reductive power of [LCu']* (for reference: E,cVCu() jn
water is -0.093 V vs. SCE).® Taking into account the known
propensity of copper(ll) complexes to react with organic
radicals,”” 34 the formation of the transient copper(lll)
intermediate 6 can be expected.®®! At the same time, the
formation of organocuprates (7) under the reaction conditions is
anticipated due to the inherent acidity of the protons of the
substrate (1).%¢ Finally, ligand exchange between 6 and 7 would
lead to the formation of the copper(lll) intermediate 8 which,
upon reductive elimination of the coupling product 3, shall
regenerate the copper(l) catalyst [LCu']*.

BUOOBU 2> 2'Bu0|  RH

BUG —2 > CH,
- (CH3),CO
[LCu'T
SET R’
R' R'
LCu”'/ﬁ [LCu'"OBu]* ﬁ
I s
4
R"
8 R+
SET
o)
|
[CuOBU] OBu

Scheme 5. Proposed reaction mechanism for the allylic alkynylation reaction
via CDC

The cross-coupling of open-shell (radical) species have become
a powerful and attractive way to create new C-C bonds. Yet, the
hurdles associated with this process (even though the activation
energy of radical—-radical coupling reactions is nearly zero), have
slowed down the development of radical C-H
functionalization/cross coupling processes, compared with
“classical” cross-coupling methodologies. B71 Herewith, we report
a novel methodology to achieve oxidative C—H cross-coupling of
underivatized allylic substrates (cyclic and linear) and terminal
alkynes (aromatic and aliphatic). The utilization copper(l) and a
trispyridyl ligand for this catalytic system was the key for
controlling the reaction selectivity towards the allylic alkynylation
(cross-coupling) versus the, commonly unsurmountable, alkynyl
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homocoupling. It has to be noted that in order to do so, a tenfold
excess of the allylic substrate is necessary. Various substituted
1,4 enynes were synthesized in good to high yields with a good
functional group tolerance. Preliminary mechanistic studies
suggest that the reaction proceeds through cross-
dehydrogenative pathway with a primary KIE for the C-H bond
braking on the allylic substrate and the involvement of CHj;
radicals from the decomposition of the oxidant DTBP. To the
best of our knowledge, this work provides the first example of a
direct allylic C(sp®-H alkynylation with terminal alkynes, giving
access to 1,4-enynes under oxidative conditions without the
need of preinstalled leaving groups or strong organometallic
nucleophiles. Further studies towards the control of the
stereochemical outcome of the reaction, the replacement of the
oxidant and further optimization of the condition are currently
undergoing in our laboratories and will be the subject of a
separate report.
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For the first time, a selective cross-dehydrogenative coupling reaction between
underivatized allylic substrates and terminal alkynes was achieved, in a single step,
using a copper catalyst under oxidative conditions. This new method provides direct
access to 1,4-enynes in high yields and selectivity without the need of preinstalled
leaving groups or strong organometallic nucleophiles.
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