Quick XAFS study on Pd/Cu catalyzed organic name reaction
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Abstract: Although copper acetylides have been widely used as nucleophiles, especially in transition-metal-catalyzed C-C
bond formation, do not take it for granted that copper acetylide can be easily formed in the copper-catalyzed transformation
of terminal alkynes. Herein, we disclosed that the typical -bonded copper acetylide is not the active intermediate in the
Pd/Cu synergistically catalyzed Sonogashira coupling reaction. Copper acetylide is not observed in the stoichiometric
reactions between copper(I) salt with terminal alkyne in the presence of Et3N or iPr2NH monitored by in situ XAS and NMR
spectroscopy. Density functional theory study indicates that the Pd/Cu synergy leads the transmetalation of terminal alkyne,
and the palladium acetylide complex is formed directly instead of the formation of -bonded copper acetylide complex.
Do not take it for granted that copper acetylide can be easily formed in the copper-catalyzed transformation of terminal
alkynes. Since copper has been employed as “mediator” in synthetic chemistry for more than a century, there are numerous
useful and practical methods for C-C and C-heteroatom bond formation using copper catalysts1-7. Especially, the coppercatalyzed functionalization of terminal alkynes has emerged as a powerful and attractive tool in the synthesis of
pharmaceuticals, agrochemicals, and materials etc5,8-13. For example, Glaser-Hay coupling reaction has become the most
useful and convenient method to construct di- and oligo- acetylenes14-17. Palladium and copper synergistically catalyzed
Sonogashira coupling reaction has also been the most powerful method to achieve the formation of Csp 2-Csp bonds18,19.
Another well-known example is the copper-catalyzed alkyne-azide “click” reaction20-24. In these transformations, copper
acetylides are usually considered as the key intermediates (Fig. 1). However, few examples provided evidence regarding the
formation or transformation of copper acetylides under catalytic conditions. The structural details are still unclear due to their
poor solubility and diverse structures. Several crystal structures of copper acetylides have been reported13,25-31; however,
crystal structures do not necessarily reflect the structures of the catalytically active species. Herein, we report detailed
investigations into the “live” Pd/Cu synergistically catalyzed Sonogashira coupling reaction. Kinetic studies and
stoichiometric experiments monitored by operando IR, in situ X-ray absorption (XAS)32-36 and NMR spectroscopy reveal that
under catalytic conditions, copper acetylide does not form as the active intermediate. Computational result indicates that the
transmetalation of terminal alkyne is assisted synergistically by both palladium and copper species without the formation of
-bonded copper acetylide. The understanding of the active copper species under catalytic conditions should provide
valuable assistance in the comprehension and design of copper-catalyzed transformation of terminal alkynes on similar
systems.

Fig. 1 Copper acetylides are usually considered as the intermediates in copper-catalyzed functionalization of terminal alkynes.

Results
At the outset of our studies, we selected a standard condition to proceed the catalytic Sonogashira coupling reaction.
Catalyzed by 1 mol% PdCl2(PPh3)2 and 2 mol% CuI, phenylacetylene 1 reacted with iodobenzene 2 smoothly to afford the
coupling product 3 in good yield in the presence of normal organic base such as Et3N or iPr2NH (Fig. 2a). As copper
acetylide is often considered as the key intermediate in this transformation, we next synthesized the typical copper acetylide
species (complex A) using NH4OH as the base according to the general procedure37, whose structure is also known as a
polymer25. To our surprise, treatment of the prepared copper acetylide species (complex A) with iodobenzene 2 only
produced a yield of less than 5% cross-coupling product even in the presence of palladium catalyst (Fig. 2b). This result let
us reconsider whether copper acetylide is the active intermediate of the Pd/Cu synergistically catalyzed Sonogashira coupling
reaction.
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Fig. 2 Kinetic study of the catalytic Sonogashira coupling reaction and stoichiometric reactions investigation. a) Kinetic profiles of the
consumption of 2 in the Sonogashira reaction monitored by operando IR spectroscopy. The ConcIRT spectrum of 2 with peak at 1575 wave
number cm-1 was used for the generation of the kinetic profiles which is assigned as the aromatic ring stretch frequency. Reaction conditions:
1 (1.1 mmol), 2 (1.0 mmol), PdCl2(PPh3)2 (1 mol%), CuI (2 mol%), and base (3.0 equiv) in 4 mL of THF under N2 atmosphere at rt. Using
Et3N as the base for 30 min, 50% yield; for 4 h, 98% yield. Using iPr2NH as the base for 15 min, 99% yield. Yields were determined by GC
with naphthalene as the internal standard. b) The reaction of prepared copper acetylide complex A with 2 in the presence of PdCl2(PPh3)2 (1
mol%). c) Stoichiometric reaction of 1 with CuI in the presence of Et3N. d) Stoichiometric reaction of 1 with CuI in the presence of iPr2NH.

To gain more information, stoichiometric reactions of phenylacetylene 1 with copper salts were investigated in the
presence of Et3N or iPr2NH under the similar conditions of catalytic reaction. As shown in (Fig. 2c), when 3.0 equiv of Et3N
were added into the mixture of CuI and phenylacetylene 1 in THF, a pale yellow suspension (complex B) was immediately
formed. While, when 3.0 equiv of iPr2NH were added into the mixture of CuI and phenylacetylene 1 in THF, a light yellow
clear solution was generated (complex C) (Fig. 2d). Both complexes B and C were completely different from the typical
copious bright yellow precipitate copper acetylide (complex A) with very poor solubility.
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Fig. 3 X-ray absorption spectroscopy experiments. a) Cu XANES spectra of CuI, complexes A and B. b) k2-weighted magnitude of the
Fourier transform. Complex A (2.56 < k < 11.27), complex B (2.58 < k < 10.09) and CuI (2.56 < k < 10.96). c) Cu XANES spectra of
CuI/iPr2NH and complex C.

The Cu K-edge XANES (X-Ray Absorption Near Edge Structure) spectra and the k2-weighted magnitude of the Fourier
transform of complex A, B and CuI are shown in Fig. 3a and 3b. Compared with CuI, the prepared copper acetylide complex
A has a distinct coordination environment, and no Cu-I bond was observed. As shown in Fig. 3b, the Cu-I bond peaks still
dominated the R-space EXAFS (Extended X-ray Absorption Fine Structure) spectrum indicating that most of the CuI
remained unreacted in complex B. Meanwhile, the 1H NMR spectra also showed that most of the terminal alkyne 1 still
remained in the solution. Although complex B was a pale yellow suspension mixture, less than 20% conversion of 1 indicated
that the typical -bonded copper acetylide species might not form under this condition.
The reactions of CuI, iPr2NH with/without phenylacetylene 1 in THF were also investigated by XAS and NMR
spectroscopy. Herein, iPr2NH could directly react with CuI in THF to form a colorless clear solution. As shown in Fig. 3c,
the XANES spectra of the two solutions were slightly different, which suggested the coordination environment only changed
a little after the addition of phenylacetylene 1, which is also consistent with the EXAFS data. The 1H NMR spectra also
revealed that iPr2NH coordinated to the copper species. Interestingly, similar results have also been found by Vasella et al.
when they used 1H NMR to investigate the mixture of terminal alkynes, CuI and amine38. The EXAFS data of
[CuI(TMEDA)]2 (TMEDA: N1,N1,N2,N2-tetramethylethane-1,2-diamine) was also collected and used as a model for the data
analysis. In this case, it is reasonable to speculate that iPr2NH functions as not only the base, but also a tunable N-ligand,
which could coordinate to the CuI and enhanced the solubility of the copper catalyst. In addition, iPr2NH might have
accessible coordination/dissociation equilibrium allowing acetylene to react with copper sites. Thus, the above investigations

2

further confirmed that the typical -bonded copper acetylide did not form in the “live” catalytic Pd/Cu synergistically
catalyzed Sonogashira coupling reactions.
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