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ABSTRACT: A novel strategy to synthesize 1,3-enynes has

been successfully developed based on Cu(I)-catalyzed cross-

coupling of a-diazo phosphonates and alkynes with a (Me0);(O)P

subsequent Horner—Wadsworth—Emmons (HWE) type reac-
tion. This method provides straightforward access to conjugated

H Cul (10 mol %) R
N R K5CO34 (2.0 equiv) |
W+ W+ Fo—————~
Ar si H 1,4-dioxane, 100 °C —
up to 86%
28 examples

enynes with high efficiency, good stereoselectivity and excellent functional group compatibility. Copper(I) carbene migratory

insertion plays a crucial role in this transformation.

Conjugated enynes are of considerable interest in both

synthetic chemistry and material sciences due to the wide
existence of such structure units in various natural products and
building blocks for organic conducting polymers."”” Accord-
ingly, significant efforts have been devoted to developing
efficient strategies for the synthesis of enyne motifs. A basic
strategy is the classic Wittig or Horner—Wadsworth—Emmons
(HWE) reaction using organophosphorus derivatives bearing
alkynyl groups as the substrates.’” The transition-metal-
catalyzed dimerization reaction of alkynes represents another
interesting route, which produces the conjugated enynes in an
atom-efficient manner.* Despite its attractiveness, the difficulty
in controlling the regio- and stereoselectivity remains a huge
barrier for the widespread application of this approach.
Additionally, the transition-metal-catalyzed coupling reaction
of alkynyl halides with stoichiometric organometallic alkenes,
as well as terminal or organometallic alkynes with vinyl halides,’
can serve as complementary strategies to afford enynes in a
stereoselective manner. While efficient, these methods generally
suffer from drawbacks such as inconvenient handling of
organometallic reagents and difficulty in accessing starting
materials.

We have previously developed an enyne synthetic method
based on the Pd-catalyzed reaction of terminal alkynes with N-
tosylhydrazones.” The key step in this method is the formation
of a Pd(Il) carbene intermediate A and the subsequent
migratory insertion (Scheme 1, eq 1). A similar strategy has
also been extended to the Pd-catalyzed cross-coupling of
terminal alkynes with ene-yne-ketones.”

On the other hand, the Cu(I)-catalyzed carbene cross-
coupling reaction has emerged as a powerful method to form
C—C bonds.” In this context, the commonly utilized carbene
precursors, namely diazo compounds and N-tosylhydrazones,
have been subjected to various coupling partners to generate
alkyne'® or allene scaffolds."" For example, the Cu(I) species C
generated from carbene migratory insertion can be protonated
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Scheme 1. Enyne Synthesis Based on Carbene Coupling
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to afford the alkyne product (Scheme 1, eq 2)."'"* Furthermore,
successive formation of two C—C bonds has also been realized
by employing an electrophile other than a proton as the
trapping reagent.1

As a continuation of our interest in both carbene-involved
cross-coupling reactions and the transformation of various
functionalized diazo compounds, such as a-diazo phospho-
nates,"> we envisioned that the copper intermediate C
generated in situ could react with aldehyde and then undergo
an HWE-type reaction through intermediate D to afford an
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enyne product. Herein we report the development of a novel
Cu(I)-catalyzed three-component cascade reaction that affords
1,3-enynes with good yields and high stereoselectivity.'*

Our evaluation of the proposed transformation began with
exposure of @-diazo phosphonate 1a to terminal alkyne 2 and
benzaldehyde 3a as the coupling partners (Table 1). Employing

Table 1. Optimization of the Reaction Conditions”

TIPS L
: 9 cat. Cul \
)l\ OMe || + —_—n \ Ph
f~ome _ Ph™ "H  base, 1,4-dioxane —
0 H 100 °C PH
1a 2 3a 4a
Cul yield
entry (mol %)  concn base (equiv) 1a/2/3a  (%)"
1 20 02M Cs,CO; (1) 1:1:1.5 36
+ NaH (1)
2 20 04M Cs,CO; (1) + L:1:15 50
NaH (1)

3 20 04M Cs,CO; (2) 1:1:1.5 58
4 20 04M K,CO; (2) 1:1:1.5 74
5 20 0.5M K,CO; (2) 1:1:1.5 76
6 20 04M K,CO; (2.5) 1:1:1.5 75
7 20 04M K,CO; (L5) 1:1:1.5 60
8 10 04M K,CO; (2) 1:1:1.5 75
9 10 04M K,CO; (2) 1.2:1:1.5 57
10° 10 04M K,CO; (2) L:1:15 65
114 10 04M K,CO; (2) L:1:L.S 78
12%¢ 10 04M K,CO; (2) 1:1:1.5 76
134 10 04M K,CO; (2) 1:1:1.5 61

“If not otherwise noted, all the reactions were carried out on a 0.20
mmol scale in 1,4-dioxane under a N, atmosphere at 100 °C for 12 h.

YIsolated yields. “Freshly distilled benzaldehyde was used. 20 mol %
PhCO,H was added. “The reaction was carried out at 110 °C. FThe
reaction was carried out at 90 °C. TIPS: triisopropylsilyl.

Cul and mixed bases, the reactions were set up in different
concentration first (Table 1, entries 1—2). The choice of base
significantly influenced the conversion of the starting materials,
and K,COj, afforded the best result (Table 1, entries 2—4).
Further increasing the concentration or the amount of base did
not improve the efficiency (Table 1, entries 5—6). To our
delight, reducing the catalyst loading to 10 mol % did not affect
the outcome of the reaction (Table 1, entry 8). Interestingly,
when we tried to enhance the yield by using the distilled
benzaldehyde instead of the stocked one, a slightly diminished
yield was observed (Table 1, entry 10), indicating an acidic
additive may enhance the reactivity. Upon some experiments,
we found that it was indeed the benzoic acid that promoted the
reaction (Table 1, entry 11). Finally, different reaction
temperatures were examined, and 100 °C proved to give the
optimal results (Table 1, entries 12—13). Under the optimized
reaction conditions, the product was obtained as a mixture of Z
and E isomers with a ratio of 10:1.

Having identified the optimized reaction conditions, we
examined the substrate scope with respect to aldehydes first. As
revealed in Scheme 2, benzaldehydes bearing various functional
groups proceeded smoothly to afford the desired products in
good yields with a good Z/E ratio (over 10 to 1) (4a—k). The
relatively bulky Me substituent at the ortho position did not
hamper the reactivity (4e). Besides, the methodology allowed
for employing the substrates bearing heterocyclic rings (41—n)
without deactivating the catalyst, generating the corresponding

Scheme 2. Substrate Scope of Aldehyde”
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4g, X = p-Ci (71%, ZIE > 20:1)
4h, X = m-Br (67%, Z/E > 20:1)
4i, X = p-CO,Me (80%, ZIE = 20:1)
4j, X = p-NO, (79%, ZIE = 10:1) 4k (80%, Z/E = 10:1)
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“Reaction conditions: a-diazo phenylmethylphosphonate 1a (0.20
mmol), alkyne 2 (0.20 mmol), and aldehydes 3a—s (0.30 mmol) in
1,4-dioxane (0.5 mL). All the yields refer to products isolated after
column chromatography. Z/E ratio is determined by '"H NMR of the
crude products.

enyne products of versatile structures. This cascade protocol
was also suitable for alkyl and alkenyl aldehydes, although a
slight compromise of Z/E selectivity was observed (40—s).
The Z configuration of the major products was established by
"H NMR spectra data. It was further confirmed by the X-ray
structure of desilylated compound 4k’ (Scheme 3)."
Subsequently, a series of aryl diazophosphonates were
subjected to the standard conditions (Scheme 4). The
substrates containing electron-donating groups were found to
undergo the desired transformation to afford the corresponding
conjugated enynes with improved stereoselectivity (Sa—c). To

Scheme 3. Desilylation of Conjugated Enyne 4k and the

Crystal Structure of the Product 4k’
TIPS, TBAF
W Q (1 M in THF, 6.0 equiv)
THF, 25°C

“TBAF: tetrabutylammonium fluoride.
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Scheme 4. Substrate Scope of a-Diazo Phosphonates“
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“Reaction conditions: a-diazo arylmethylphosphonates 1b—j (0.20
mmol), alkyne 2 (0.20 mmol), and benzaldehyde 3a (0.30 mmol) in
1,4-dioxane (0.5 mL). All the yields refer to the products isolated after
column chromatography. Z/E ratio was determined by 'H NMR
spectra of the crude product.

our delight, this protocol is also compatible with halogen
substituents, rendering the possibility for further transformation
(5d—f). However, when we switched the substrates to the diazo
compound bearing an ester group, the product was only
obtained in modest yield (Sh). This limitation may be
attributed to the reluctance of this substrate to undergo a
dediazonization step to generate a Cu(I) carbene intermediate.
Gratifyingly, a diazo compound containing a free hydroxyl
group was successfully converted into the corresponding
product Si.

Finally, to further showcase the generality of this synthetic
strategy, we also employed the N-tosylhydrazones in this
cascade transformation, as the related alkyl diazophosphonates
are not stable or have low boiling points for their preparation
and purification. To our delight, we were able to obtain the
desired enyne products by simply changing the base from
K,CO; to +BuOLi (Scheme S). However, the stereoselectivity

Scheme S. Reaction with N-Tosylhydrazones®

R
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“Reaction conditions: N-tosylhydrazone (0.30 mmol), alkyne 2 (0.20
mmol), and aldehyde (0.30 mmol) in 1,4-dioxane (1.0 mL). The yields
refer to the products isolated after column chromatography.

of the double bonds became poor for these examples because of
the decreased steric difference between the alkynyl and alkyl
groups. In addition, the alkyl group is less electron-withdrawing
than the aryl group, which may account for the slightly
diminished yields.

The proposed reaction mechanism is shown in Scheme 6
based on the literature precedents for the related carbene
coupling.”'*>'° First, alkynyl copper species B is formed with
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Scheme 6. Proposed Reaction Mechanism and Rationale of
the Stereoselectivity
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the assistance of a base. Then Cu(I) carbene intermediate C is
generated from the diazo substrate, followed by the migratory
insertion of the alkynyl group to afford the nucleophlhc Cu(I)
species D. Instead of undergoing a protonation step,'*™ this
intermediate further reacts with aldehydes and affords the final
product through an HWE-type reaction. The high Z stereo-
selectivity for the double bond formation should be attributed
to the bulkiness disparity of the aryl ring and alkynyl group. For
the intermediate E generated from the nucleophilic addition
step, the conformer E1 is more stable and thus the dominant
species as compared to conformer E2, leading to the formation
of (Z)-enyne as the major product.

In summary, we have developed a highly efficient three-
component reaction for the synthesis of conjugated enynes,
where one C—C bond and one C=C bond were formed
successively in a one-pot manner. This method was applicable
to a wide variety of easily accessible aldehydes and a-diazo
phosphonates, affording the enyne products stereoselectively
within a simple catalytic system. It is worth mentioning that a-
diazo ghosphonates are easily available and are relatively
stable,'” making this new enyne synthesis practically useful.
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