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Highly Selective Olefin-Assisted Pd(Il)-Catalyzed Oxidative

Alkynylation of Enallenes

Jeffrey L. Henry, Daniels Posevins, Bin Yang, Youai Qiu,* and Jan-E. Backvall*®

Abstract: An olefin-assisted, palladium-catalyzed oxidative
alkynylation of enallenes for regio- and stereoselective synthesis of
substituted trienynes has been developed. The reaction shows a
broad substrate scope and good tolerance for various functional
groups on the allene moiety, including carboxylic acid esters, free
hydroxyls, imides, and alkyl groups. Also, a wide range of terminal
alkynes with electron-donating and electron-withdrawing aryls,
heteroaryls, alkyls, trimethylsilyl, and free hydroxyl groups are
tolerated.

Enynes constitute an interesting class of molecules that are
common motifs in many biologically active natural products,™ as
well as important intermediates in the synthesis of highly
substituted aromatic compounds.? To date, different methods
have been developed to construct this motif. However,
considerable interest in direct, catalytic coupling of alkynes with
alkenes to give enynes are attractive due to the availability of
precursor compounds.®! These techniques have been utilized in
the synthesis of natural products, which highlights the
importance of this interesting functionality.

Our research group has a longstanding interest in the
development of Pd(ll)-catalyzed oxidative transformations of
allenes.®® In recent studies conducted in our group, we reported
selective  oxidative palladium-catalyzed arylation!”? and
borylation® of enallenes (Scheme 1a). Treatment of enallene 1
with a Pd(ll) catalyst and an oxidant will form intermediate Int-1.
Coordination of the olefin to palladium in intermediate Int-1 is
crucial for the activation of the allene involving C—H bond
cleavage. Attack by the allene on Pd(Il) with concomitant C—H
bond cleavage gives the pivotal intermediate Int-2. Addition of
ArB(OH), or Bpin, produces the corresponding cross-coupled
product A.

On the basis of these observations, we were particularly
interested in exploring the synthetic potential of this cross-
coupling reaction by using a suitable pronuclephile such as a
terminal alkyne as quenching reagent (Scheme 1b). The alkyne
functionality is important in various fields of synthesis ranging
from biochemistry to materials science, it occurs in a wide range
of natural products, and it is a useful functionality in key
intermediates in organic synthesis. Several research groups
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Scheme 1. Previous work and current work.

have reported palladium-catalyzed oxidative alkynylation
reactions of terminal alkynes.® In this communication, alkynes
serve as pronucleophiles for quenching the palladium
intermediate Int-2 to give E cross-coupled enynes. This
oxidative palladium-catalyzed alkynylation of enallenes could be
conducted with numerous enallenes and alkynes equipped with
a range of functional groups.

Our initial studies of this palladium-catalyzed reaction began
with readily available enallane la with phenylacetylene 2a (2.0
equiv) using Pd(OAc), (5 mol%) as the catalyst and BQ (p-
benzoquinone, 1.5 equiv) as the oxidant in toluene at 60 °C for
15 h (Scheme 2). Interestingly, the substituted trienyne
derivative 3aa was obtained in 58% yield as a single
stereoisomer.

/
EtO,C Z EtO,C |
+ =— pn  PdOAC) (5 mol%)
- BQ (1.5 equiv) S
20equiv T — — —* Ph

toluene, 60 °C, 15 h
1a 2a 3aa, 58% yield

Scheme 2. Initial attempt.

With these inspiring results in hand, we began to optimize
the reaction conditions for formation of trienyne 3aa. Palladium
catalyst screening revealed that Pd(OAc); is the best catalyst for
the reaction (Table 1, entries 1-4). THF improved the formation
of 3aa to 73% after extensive solvent screening (entries 5-11).
Decreasing the amount of 2a (entry 12) and BQ (entry 13)
exhibited little to no change of the yield of 3aa. Upon the
addition of DMSO (20 mol%), the yield of the reaction was
increased to 82% within 3 h (entry 14). The use of 2,6-dimethyl-
BQ instead of BQ, gave a lower yield (entry 15).



Table 1. Optimization of the reaction conditions®®

EtO,C =
+ =
2.0 equiv

Catalyst (5 mol%)

Etozm
solvent, 60 °C, 15 h

=——Ph BQ (1.5 equiv)
1a 2a
Entry Catalyst Solvent Yield of 3aa [%]™
1 Pd(OAc), toluene 58
2 Pd(TFA), toluene 5
3¢ PdCl, toluene -
Q//\p
4 Ph—S - S-P toluene 52
Pd(OAC),

5 Pd(OAC), DCE 38
6 Pd(OAC), MeOH 45
7 Pd(OAc), MeCN 71
8 Pd(OAc), dioxane 59
9 Pd(OAc), acetone 62
10 Pd(OAc), p-xylene 62
11 Pd(OAc), THF 73
12 Pd(OAc), THF 74
130 Pd(OAc), THF 74
14121 Pd(OAc), THF 82
1504l Pd(OAC), THF 69

[a] The reaction was conducted in the indicated solvent (1 mL) at room
temperature using 1a (0.2 mmol), 2a (2.0 equiv), BQ (1.5 equiv) in presence
of palladium catalyst (5 mol%). [b] Determined by NMR using anisole as the
internal standard. [c] 1a was recovered in 79%. [d] 2a (1.5 equiv) was used.
[e] BQ (1.1 equiv) was used. [f]| DMSO (20 mol%) was added and the reaction
time was 3 h. [g] 2,6-dimethyl-BQ was used instead of BQ.

After achieving optimal reaction conditions, a range of
terminal alkynes were investigated. Arylalkynes with both
electron-donating and electron-withdrawing aryl groups, such as
2-MeO-, 3-MeO-, 4-Me-, 4-F-, 4-Br-, and 4-CFs-phenyl, reacted
smoothly and provided the corresponding trienynes, (Table 2,
entries 1-7). Heteroaryl alkynes, thiophen-2-yl- and thiophen-3-
yl-acetylene furnished 3ah and 3ai in 74% and 75% yield,
respectively (Table 2, entries 8-9). Cyclic and acyclic aliphatic
terminal acetylenes could also be employed as substrates
(Table 2, entries 10-11). A TMS-substituted terminal acetylene
afforded 80% of 3al (Table 2, entry 12), which after desilylation
could be used for further functionalization. Notably, free
alcohols and ester groups were tolerated under the optimized
reaction conditions (Table 2, entries 13-14).
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Table 2. Scope of terminal aIkynes[a]

Et0,C % Pd(OAc), (5 mol%)  Eto,c =3
b —r BQ (1.1 equiv) |
- DMSO (20 mol%) N
15eqUV o om T Ng
THF, 60 °C, time
1a 2a

Entry R Time (h) Yield of 3 [%]™
1 Ph 3 79 (3aa)
2 2-MeOCgH, 3 73 (3ab)
3 3-MeOCgHs 3 80 (3ac)
4 4-MeCgHj 3 59 (3ad)
5 4-FCeH, 3 76 (3ae)
6 4-BrCeHs 3 73 (3af)
7 4-CF3CeHa 3 81 (3ag)
8 thiophen-2-yl 3 74 (3ah)
9 thiophen-3-yl 3 75 (3ai)
10 cyclopentyl 14 82 (3aj)
11 cinnamyl 15 43 (3ak)
121 T™S 14 80 (3al)
13 F"on 15 42 (3am)
14 }SWQOAC 15 69 (3an)

[a] The reaction was conducted in THF at 60 °C using 1a (0.2 mmol), 2 (1.5
equiv), BQ (1.1 equiv) in the presence of Pd(OAc), (5 mol%). [b] Isolated
yield. [c] The reaction was conducted at room temperature.

We next examined the variability of enallenes and their
compatibility with the reaction conditions (Scheme 3). Our initial
studies demonstrated the susceptibility of 3,4-dienoates.™ In
addition to two methyl substituents on the allene moiety,
cyclopentylidene, cyclohexylidene, and monomethyl derivatives
(1b, 1c, and 1d) afforded the corresponding products (3b, 3c,
and 3d) in good yields. Notably, compound 3e, containing a free
hydroxyl group, was attainable as well as benzyl protected
alcohol 3f. Enallene equipped with an imide group could also be
employed, generating 3g in 92% yield. We continued our
investigation by exploring 2,3-dienoates™ and the scope of the
assisting olefin. 2,3-dienoates produced trienynes 3h, 3m and
3n in reasonable yields. A phenyl substituent in the R* position
of the directing olefin furnished 3i in 64% yield. Furthermore, the
reaction tolerated different alkyl groups in the R position, for
example, methyl (1j) and allyl (1k), afforded the corresponding
products 3j and 3k in good yields. Compound 3I, on the other
hand, was formed in a much lower isolated yield due to the
steric bulk in the R® and R* positions of the assisting olefin.
Interestingly, the reaction may be facilitated by an alkyne rather
than an olefin in the directing position; the corresponding diene-
diyne 30 was produced in 66% yield (not shown, see
Supporting Information).
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Scheme 3. Scope of palladium-catalyzed oxidative alkynylation for formation
of 3, [a] The reaction was conducted in THF at 60 °C using 1 (0.2 mmol), 2a
(1.5 equiv), BQ (1.1 equiv) in the presence of Pd(OAc), (5 mol%).

To demonstrate the applicability of this reaction in synthesis,
we performed the reaction of enallene la on gram scale
(Scheme 4). Under the optimal reaction conditions, 3aa afforded
1.402 g of material with an excellent 93% vyield.

EtO,C = Pd(OAc), (5 mol%)  EtO,C | &
+ = ph BQ (1.1 equiv)
DMSO (20 mol%) S
15equv — _ -~ _—_—_— > Ph
THF, 60 °C, 3 h
1a 2a 3aa, 93% yield
1.000 g 1.402¢g

Scheme 4. Gram-scale reaction of 1a.

Utilization of electron-transfer mediators in a biomimetic
approach has been shown to decrease the kinetic barrier of the
reoxidation by molecular oxygen.*? In this aerobic approach,
catalytic amounts of oxidant (BQ) were sufficient to realize the
alkynylation of enallenes. When enallene la was treated with
Pd(OAc), (5 mol%), cobalt(salophen) (5 mol%), BQ (20 mol%),
and phenylacetylene (1.5 equiv) in the presence of O; (1 atm),
the corresponding product 3aa was obtained in 70% vyield
(Scheme 5).
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Scheme 5. Palladium-catalyzed oxidative alkynylation under biomimetic
conditions.

We next investigated how the olefin group in the substrate
influences the outcome of the reaction (Scheme 6). To demon-
strate the necessity of the olefin, we examined the reactivity of
allenes with different substituents; 3,4-dienoates with a propyl
substituent (lab) failed to perform the alkynylating
transformation (Scheme 6b). This shows that the olefin group of
lais a pivotal assisting/directing group™*¥ in this reaction.

a)
Pd(OAG), (5 mol %) 7
E1OC | — BQ (1.1 equiv) EtOC |
+ ="Ph " pMso (20 mol %) S
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1ab 2a THF, 60°C, 3 h

not formed

Scheme 6. Control experiments.

In the proposed mechanism (Scheme 7) the catalytic cycle
begins with coordination of the enallene to Pd(ll) to give chelate
complex Int-1. Allene attack on palladium involving allenic C—H
bond cleavage in Int-1,7%" generates Int-2, which
subsequently reacts with the alkyne to give Int-3. Reductive
elimination from Int-3 affords product 3aa, followed by
reoxidation of the Pd(0) species to complete the catalytic cycle.

HQ
Pd(OAC),

BQ /\H:\/
Pd(O)
R =
\
NN reductive
N R! elimination

3aa

/-Pd OAc
OAc
Int1

aueW

Int- 2

Scheme 7. Proposed mechanism.



In conclusion, we have developed an efficient, scalable
palladium-catalyzed oxidative alkynylation of enallenes that
selectively gives substituted trienynes. The alkynylation
displayed a broad substrate scope, tolerating free alcohols,
esters, imides, and alkyl groups. Finally, because of the highly
efficient construction of substituted trienynes, the reaction
developed here should be useful in synthetic and materials
chemistry. Ongoing research in our laboratory is being
conducted to explore the scope and synthetic application of the
new reaction.
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