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ABSTRACT

An efficient copper-mediated method for the oxidative alkynylation of diaryl imines with terminal alkynes is reported. This reaction provides the
first catalytic and general synthesis of ynimines and allows for an easy preparation of these useful building blocks. An improved copper-catalyzed
oxidative dimerization of imines to azines and the synthesis of dienes and azadienes from ynimines are also described.

Nitrogen-substituted alkynes, ynamines 1, probably
represent themost versatile class of acetylenic compounds.
The electron-donating ability of the nitrogen strongly
polarizes the triple bond,which allows for an exceptionally
high level of reactivity together with a strong differentia-
tion of the two sp carbon atoms.1 Despite their enormous
potential, their synthetic use remains rather limited, which
is most certainly due to their difficult preparation, hand-
ling, and their high sensitivity. A solution to this problem
was found in the use of ynamides 2, in which one of the
alkyl groups on the nitrogen atom is replaced by an
electron-withdrawing group (Figure 1). They display an
exceptionally fine balance of stability and reactivity, offer

unique and multiple opportunities for the insertion of
nitrogen-based functionalities into organic molecules,
and are emerging as especially useful and versatile building
blocks.2�4

Another option to increase the stability of ynamines
would rely on the use of ynimines 3. While these building
blocks clearly hold great potential and would benefit from
the use of an easily removable protecting group, they have
been only scarcely studied and their use in organic synth-
esis is still rather limited,5 which is in sharp contrast with
ynamides.

The develoment of the chemistry of ynimines 3 has been
in fact hampered by the lack of general and practical
methods for their preparation. There is indeed to date a

Figure 1. Ynamines, ynamides, and ynimines.

†Universit�e de Versailles Saint-Quentin en Yvelines.
‡Universit�e de Monastir.
(1) For reviews on the chemistry of ynamines, see: (a) Ficini, J.

Tetrahedron 1976, 32, 1449. (b) Himbert, G. In Methoden Der Orga-
nischen Chemie (Houben-Weyl); Kropf, H., Schaumann, E., Eds.; Georg
Thieme: Stuttgart, 1993; p 3267.

(2) For reviews, see: (a) Zificsak, C. A.; Mulder, J. A.; Hsung, R. P.;
Rameshkumar, C.; Wei, L.-L. Tetrahedron 2001, 57, 7575. (b) Mulder,
J. A.; Kurtz, K. C. M.; Hsung, R. P. Synlett 2003, 1379. (c) Katritzky,
A. R.; Jiang, R.; Singh, S. K. Heterocycles 2004, 63, 1455. (d) Evano,
G.; Coste, A.; Jouvin, K. Angew. Chem., Int. Ed. 2010, 49, 2840.
(e) DeKorver, K. A.; Li, H.; Lohse, A. G.; Hayashi, R.; Lu, Z.; Zhang,
Y.; Hsung, R. P. Chem. Rev. 2010, 110, 5064.



Org. Lett., Vol. 14, No. 1, 2012 7

single procedure available for their synthesis based on the

reaction between oxime tosylates 4 with higher-order

alkynylcuprates 5 which produces the corresponding yni-

mines 3 in low tomoderate yields (typically 15%�55%).5,6

Based on our recent interest in the chemistry of

ynamides3e,g,7 and copper catalysis,8,9 we decided to in-

vestigate whether ynimines could be obtained through a

copper-mediated alkynylation of imines with alkynylating

agents such as bromoalkynes 7,3a�c terminal alkynes 8,3d

potassiumalkynyltrifluoroborates 9,3g or vinyl dibromides

10,3e which might provide a straightforward entry to these

useful and underdeveloped building blocks (Scheme 1).

To evaluate the feasibility of such cross-coupling reac-
tions, we initiated our studies by examining the reaction of
commercially available benzophenone imine 11 with re-
presentative reagents and conditions typically used for the
synthesis of ynamides (Table 1). While the use of bro-
moalkyne 12a,3b,c potassium alkynyl trifluoroborate
12b,3g or vinyl dibromide 12c3e only led to the formation
of 1,4-diphenylbuta-1,3-diyne 14 without a trace of the
desired ynimine, the use of Stahl’s copper-catalyzed oxida-
tive conditions3d turned out to be a lot more efficient.
Indeed, the combination of copper(II) chloride, pyridine,
and sodium carbonate in toluene at 70 �C significantly
reduced the formation of Glaiser�Hay dimer 14 and gave
ynimine 13 in a synthetically useful yield (72%, Table 1,
entry 5).Whilewewere pleased tonote that this compound

Scheme 1. Synthesis of Ynimines: Previous Method and Strat-
egy

Table 1. Screening Results for the Copper-Mediated Alkynyla-
tion of Benzophenone Imine

aAll reactions were run using 3 equiv of imine 11. bYield of pure,
isolated product.
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was perfectly stable and could be stored for months with-
out noticeable degradation, it however turned out to be
more sensitive than regular ynamides to acidic conditions,
mostly giving benzophenone and traces of phenylaceta-
mide as byproducts, and its purification on silica gel
required prior deactivation with triethylamine.
With optimized conditions in hand for the copper-

mediated synthesis of ynimines, we next turned our atten-
tion to the scope of this reaction. The coupling of benzo-
phenone imine 11 with various terminal alkynes 8 was
therefore investigated: results from these studies are shown
in Figure 2. Thus, a representative set of ynimines 13

was prepared inmoderate-to-good yields, and the reaction
was found to be compatible with a variety of aromatic-
and alkyl-substituted alkynes. Terminal enynes were also
found to be excellent substrates, yielding to the corre-
sponding enynimines 13j and 13k in good yields. However,
the presence of a chelating group such as a benzoate (13l)
was found to have a detrimental effect on the oxidative
cross-coupling since all starting materials were completely
recovered at the end of the reaction.

The reaction scopewas also investigated in respect to the
imine cross-coupling partner using two representative
terminal alkynes: pentyne 15a and octyne 15b (Figure 3).
The use of the later typically gave higher yields of the

corresponding ynimines 16�20, which was attributed to
the lower volatility of octyne compared to pentyne.
Attempts at lowering the reaction temperature did not

however significantly improve the yields since most reac-
tions did not go to completion at 40 �C. The substitution
pattern of the starting imine was found to have a strong
impact on the outcome of the reaction: while ortho-sub-
stituted diaryl imines yielded to the formation of a single
stereoisomer of ynimines 16�19,10 the use of a remote
meta-substituent gave rise to equimolar amounts ofE- and
Z-isomers of the corresponding ynimine 20. The reaction
was however found tobe rather general and allowed for the
synthesis of a wide range of ynimines possessing represen-
tative substitutionpatterns.Only (2-bromophenyl)(phenyl)
methanimine (19) and 2,2,4,4-tetramethylpentan-3-imine
(21) led to notably inferior results, which could be attrib-
uted to the presence of the ortho-activated aromatic bro-
mide and steric hindrance, respectively.

In all these oxidative cross-coupling reactions, we no-
ticed the formation of azine byproducts 22 (Figure 4)
resulting from a copper-catalyzed dimerization of the
starting imines, a reaction that is usually performed start-
ing from 25 to 50% weight solutions of ketimines and
copper(I) chloride.11 Because the scope of this reaction
yielding to valuable azine building blocks has not been
extensively studied and is still mostly restricted to the
dimerization of benzophenone imine, we therefore in-
itiated a brief study of this oxidative dimerization. We
found that the reaction was best conducted in 1,4-dioxane

Figure 2. Copper-catalyzed alkynylation of benzophenone
imine with terminal alkynes.

Figure 3. Copper-catalyzed alkynylation of representative imi-
nes with pent-1-yne and oct-1-yne.
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at 80 �C for 12�14 h and that the use of both pyridine and
sodium carbonate was crucial. Using these conditions,
aromatic ketimines 6 are readily dimerized into the
corresponding azines 22 in good to excellent yields.
Ortho-substituted arylketimines typically yielded the cor-
responding dimers as single isomerswhile the use of a para-
substituent, such as in the case of 22d, yielded a 1/1/1
mixture of (E,E), (E,Z), and (Z,Z) isomers. Noteworthy,
the chloro-substituent was perfectly compatible with the
copper catalyst and no competitive amination or reduction
could be observed.

We finally briefly assessed the synthetic utility of our
ynimines. With this goal in mind, a series of Z-azadienes 23
was first prepared by partial hydrogenation of the corre-
spondingynimines13withaLindlar catalyst (Scheme2).This
method represents an interesting entry to the Z-enimines,
compounds for which there is no general synthesis to date.
An especially intriguing reaction was observed upon

treatment of ynimines 13 with 1 equiv of methyllithium in
THF at �78 �C. This reaction resulted in the unexpected
formationof polysubstituteddienes24withmoderate yield,
compounds whose structure could be secured by X-ray
analysis performed on 24a.12 A possible mechanism that
would account for the formation of these highly substituted
dienes is shown in Scheme 2. Addition of methyllithium
onto the starting ynimine 13 would generate a metalated
secondary ynamine A which would be in equilibrium with
the lithiated ketenimine B. Addition of a second equivalent
of 13 would yield the formation of lithiated ketenimino-
ynamine C whose cyclization would afford a dihydroazete
D. Electrocyclic ring opening of this strained intermediate13

would then generate a metalated N-alkynyl-eneamidine E,
a compound thatwould be in equilibriumwithF. Finally, a
[3,3] sigmatropic rearrangement followed by intramolecu-
lar nucleophilic attack from G and a second electrocyclic
ring opening from cyclobutene H would account for the
formation of highly strained dienes 24 after hydrolysis.

In conclusion, we have developed an efficient synthesis

of ynimines by copper-mediated oxidative cross-coupling

of imines with terminal alkynes. The building blocks were

shown to be especially suitable precursors for the synthesis

of azadienes and dienes, and further studies on the use of

ynimines will be reported in due time.
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Figure 4. Copper-catalyzed dimerization of imines to azines.

Scheme 2. Azadienes and Dienes from Ynimines
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