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n of b-alkynyl eliminations from
unstrained propargylic alkoxide Cu(I) complexes by
C–C bond cleavage†

Ba L. Tran, * Jack T. Fuller, III, Jeremy D. Erickson, Bojana Ginovska*
and Simone Raugei *

b-Carbon eliminations of aryl, allylic, and propargylic alkoxides of Rh(I), Pd(II), and Cu(I) are key elementary

reactions in the proposed mechanisms of homogeneously catalysed cross-coupling, group transfer, and

annulation. Besides the handful of studies with isolable Rh(I)-alkoxides, b-carbon eliminations of Pd(II)-

and Cu(I)-alkoxides are less definitive. Herein, we provide a comprehensive synthetic, structural, and

mechanistic study on the b-alkynyl eliminations of isolable secondary and tertiary propargylic alkoxide

Cu(I) complexes, LCuOC(H)(Ph)C^CPh and LCuOC(ArF)2C^CPh (L = N-heterocyclic carbene (NHC),

dppf, S-BINAP), to produce monomeric (NHC)CuC^CPh, dimeric [(diphosphine)CuC^CPh]2, and the

corresponding carbonyl. Selective b-alkynyl over b-hydrogen elimination was observed for NHC- and

diphosphine-supported secondary propargylic alkoxide complexes. The mechanism for the first-order

reaction of b-carbon elimination of (IPr*Me)CuOC(ArF)2C^CPh is proposed to occur through an

organized four-centred transition state via a Cu-alkyne p complex based on Eyring analysis of variable-

temperature reaction rates by UV-vis kinetic analysis to provide DH‡ = 24(1) kcal mol−1, DS‡ = −8(3) e.u.,

and DG‡ (25 °C) = 27 kcal mol−1 over a temperature range of 60–100 °C. Additional quantitative UV-vis

kinetic studies conclude that the electronic and steric properties of the NHC ligands engendered

a marginal effect on the elimination rate, requiring 2–3 h at 100 °C for completion, whereas complete b-

alkynyl eliminations of diphosphine-supported propargylic alkoxides were observed in 1–2 h at 25 °C.
Introduction

The elucidation of mechanisms and selectivities for reactions
catalysed by Earth abundant rst-row metals is critical to the
development of sustainable organotransition chemistry.1–5 The
elementary reactions of b-carbon elimination from metal-alkyl
and -alkoxide intermediates are prominent in olen polymeri-
zation and catalytic C–C bond formations.6–9 Specically, the b-
eliminations of allyl,9 alkynyl,10–20 and aryl groups17,21–23 from
unstrained alkoxides of Pd and Rh to generate the corre-
sponding organo-Pd and -Rh intermediates are implicated in
the mechanism of cross-coupling, annulation, and aryl shut-
tling catalysis.8,9 To date, only a handful of synthetic and
mechanistic studies of b-carbon elimination from alkoxide Rh
complexes have been reported.21–24 Besides Pd and Rh, Cu-
orthwest National Laboratory, Richland,
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the Royal Society of Chemistry
mediated b-allyl25 and b-alkynyl eliminations26–28 of allylic
alcohols and propargylic alcohols to generate allyl and acetylide
intermediates in catalytic allyl group transfer and annulation
reactions have been proposed, yet denitive spectroscopic,
structural or mechanistic evidence remains unreported to our
knowledge.

In contrast to the vast literature on the related mechanism of
b-hydrogen elimination, experimental examples and mecha-
nistic knowledge of b-carbon elimination are less established.6–9

The formation of p complexes with allyl, alkynyl, or aryl ligands
can be favorable compared to that of M–H–C s-complexes.
However, the reorganization of the larger carbon groups at
ametal centre compared to the small spherical H atom of the C–
H group is kinetically disfavored. Because of the mechanistic
similarities of these two elimination pathways, selective
promotion of b-carbon elimination over b-hydrogen elimina-
tion is not fully understood, yet is of synthetic interest.8

We direct our studies towards the b-alkynyl eliminations of
propargylic alcohols at Cu(I) centres because of the broad
interest in Cu-acetylide chemistry in catalysis and inorganic
materials.29–32 Moreover, the stability of Cu-acetylide is ideal for
product isolation in combination with spectroscopic, structural,
and mechanistic investigation.33–35 Based on experimental and
computational mechanistic analysis of b-carbon eliminations of
Chem. Sci., 2024, 15, 17481–17489 | 17481
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Scheme 1 This work details a comprehensive study on the general
and selective b-alkynyl eliminations of secondary and tertiary prop-
argylic alkoxides of Cu(I).
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unstrained alkoxide Rh complexes,17,22,23,36 we envision a coor-
dinatively unsaturated Cu(I) centre can coordinate and activate
the alkyne group at the propargylic alkoxide via a Cu(I)-alkyne p
complex to promote b-alkynyl elimination. Herein, we report
a rare comprehensive study detailing the synthesis, structure–
reactivity relationship, and mechanism of b-alkynyl elimina-
tions from two- and three-coordinate propargylic alkoxide Cu
complexes supported by electronically and sterically varied
NHCs and diphosphines (Scheme 1).
Results and discussion
Synthesis, characterisation, and b-alkynyl elimination of
(NHC)Cu(I) propargylic alkoxides

A series of tertiary propargylic alkoxide complexes, (IPr*R)
CuOC(ArF)2C^CPh (R = Me, 1-Me; OMe, 1-OMe; Cl, 1-Cl), were
isolated in 73–80% by treating the corresponding (IPr*R)CuCl
with 1.05 equiv. of NaN(SiMe3)2 in toluene for 0.5 h, followed by
addition of solid HOC(ArF)2C^CPh for another 1 h at 25 °C
(Scheme 2). Subsequent removal of NaCl by ltration and
layering of pentane over the toluene reaction mixture at 25 °C
over 24–48 h gave analytically clean, off-white crystalline prod-
ucts of 1-Me, 1-OMe, and 1-Cl. Synthetic procedures with
accompanying 1H, 13C{1H}, and 19F{1H} NMR data are provided
in the ESI (pg. S3–S8†). The propargylic alkoxide complexes
Scheme 2 Synthesis and 19F{1H} NMR spectroscopic data of (IPr*R)
CuOC(ArF)2C^CPh.

17482 | Chem. Sci., 2024, 15, 17481–17489
exhibit similar spectroscopic and structural properties; we
therefore discuss the characterisation of (IPr*Me)CuOC(ArF)2-
C^CPh (1-Me) as a representative example.

The 19F{1H} NMR spectrum of 1-Me contains a sharp singlet
at −118 ppm, shiing upeld upon complexation from free
HOC(ArF)2C^CPh at −115 ppm. The −118 ppm signal is
diagnostic for the formation of CuOC(ArF)2C^CPh and is
insensitive to the identity of IPr*R ligands (Scheme 2). The 1H
NMR spectrum shows a multiplet at 8.03 ppm corresponding to
the C–H group ortho to the C–O group of the propargyl alkoxide.
The alkynyl and C–O functionalities are identied by 13C NMR
resonances at 101, 83 and 77 ppm, respectively.

The single crystal X-ray diffraction (scXRD) structure of 1-Me,
shown in Fig. 2, veried its linear geometry. Standard bond
distances of 1.8586(16) Å and 1.8094(13) Å were observed for
Cu1–C1 and Cu1–O1, respectively. The C1–Cu1–O1 angle of
163.46(7)° of 1-Me is notably bent compared to those of related
IPr*Me-supported alkoxides and allylic alkoxides at 172–
178°.37,38 The distances from Cu1 to C3 and C4 of the alkyne
group of 3.11 and 3.64 Å, respectively, do not support a Cu-
alkyne p-complex, which exhibits a range of 1.95–1.99 Å for
Cu(I)-alkyne.39 The scXRD structure of 1-Cl also contains a bent
C1–Cu1–O1 angle at 162.77(5)° whereas the C1–Cu1–O1 angle
for 1-OMe is at 172.46(7)° (Fig. 2).

(IPr*Me)CuOC(ArF)2C^CPh (1-Me) is stable in C6D6 at room
temperature during the monitoring time of 24 h by 1H, 19F{1H}
NMR spectroscopy. Subsequent thermolysis at 100 °C for 3 h
quantitatively produced (IPr*Me)Cu(C^CPh) (2-Me) and
ArF2C]O by 1H, 19F{1H} NMR spectroscopy in the presence of
a 1,3,5-trimethoxybenzene internal standard. 19F{1H} NMR
spectroscopic analysis over time shows the consumption of 1-
Me at −118 ppm with concomitant growth of ArF2C]O at
−107 ppm, supporting the extrusion of ArF2C]O from 1-Me
(Fig. S5B†). The product of 2-Me was identied by the two
doublets at 7.69 ppm (J = 7.5 Hz), 7.51 ppm (J = 7.7 Hz) and
a triplet at 7.25 ppm (J = 7.7 Hz) by 1H NMR spectroscopy
(Fig. 1), consistent with reported 1H NMR data for 2-Me (ref. 33)
and independently synthesized 2-Me (Fig. S24A†). The elimi-
nation of ArF2C]O from 1-Me proceeds sluggishly at lower
temperature. Thermolysis of 1-Me at 50 °C for 1 h and 24 h
produced 5% and 27% of 2-Me, respectively.

The b-alkynyl elimination is irreversible as the insertion
reaction of ArF2C]O and 2-Me to regenerate 1-Me was not
observed aer 48 h at 25 °C by 1H and 19F{1H} NMR spectros-
copy.40 The scXRD structural determination of 1-Me (Fig. 2),
from the preparative-scale thermolysis of 1-Me in toluene at 100
°C for 3 h, provided unequivocal evidence of the b-alkynyl
elimination reaction. Analogously, the thermolysis of 1-OMe
and 1-Cl in C6D6 at 100 °C for 3 h also cleanly produced
(IPr*OMe)CuC^CPh (2-OMe) and (IPr*Cl)CuC^CPh (2-Cl),
respectively, and ArF2C]O (Fig. S6 and S7†). The spectroscopic
assignments of 2-OMe and 2-Cl were veried by independent
synthesis along with spectroscopic (Fig. S25 and S26†) and
structural characterisation (Fig. 2).

We next evaluated whether reducing the steric congestion at
the Cu(I) centre of the propargylic alkoxide complex by
employing a less bulky NHC, such as IPr, relative to IPr*Me can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Thermolysis of (IPr*R)CuOC(ArF)2C^CPh produced the
products (IPr*R)CuC^CPh and ArF2C]O. (B) The formation of
ArF2C]O and (IPr*Me)CuC^CPh (2-Me) was identified (top) and
verified using independently synthesized 2-Me by 1H NMR spectros-
copy (bottom).

Fig. 2 scXRD structures of (IPr*R)CuOC(ArF)2C^CPh (1-Me, 1-OMe,
1-Cl) and (IPr*R)CuC^CPh (2-Me, 2-OMe, 2-Cl) are shown at a 50%
probability thermal ellipsoid. All hydrogen atoms, positional disorders,
and solvents are omitted. Metrical parameters of these complexes are
mostly similar; therefore, we list selected bonds (Å) and angles (°) of 1-
Me and 2-Me: 1-Me, Cu1–C1 = 1.8586(16) and Cu1–O1 = 1.8094(13);
C3–C4 = 1.200(3); C1–Cu1–O1 = 163.46(7) and Cu1–O1–C2 =

128.06(12). 2-Me, Cu1–C1 = 1.8869(13), Cu1–C2 = 1.8809(16), and
C2–C3 = 1.190(2); C1–Cu1–C2 = 172.07(6) and Cu1–C2–C3 =

171.20(15).
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facilitate the formation of a Cu(I)-alkyne p complex to lower the
energy barrier for b-alkynyl elimination based on the isolation
of a Rh(I)-arene p complex from the b-aryl elimination of a Rh(I)-
alkoxide.23 To do so, we isolated (IPr)CuOC(ArF)2C^CPh (3) in
65% and examined its reactivity (Fig. S4 and S8†). Similar to the
(IPr*R)CuOC(ArF)2C^CPh series, 3 is stable in C6D6 at 25 °C
over 24 h, and complete conversion of 3 to (IPr)CuC^CPh and
ArF2C]O required heating at 100 °C for 3 h based on 1H and 19F
{1H} NMR spectroscopic analysis. A quantitative UV-vis kinetic
analysis of the steric properties of NHC ligands is reported in
a later section.
Diphosphines enabled b-alkynyl eliminations of
LCuOC(ArF)2C^CPh (L = dppf, S-BINAP) at room
temperature

Hartwig and co-workers structurally characterized the complex
of (Et3P)2RhOC(Ph)2(h

2-Ph), in which one of the phenyls of the
triphenylmethoxide ligand contains a Rh-arene interaction, as
a key intermediate en route to b-aryl elimination.23 The same
authors observed rapid b-alkynyl elimination of in situ gener-
ated trigonal planar (Et3P)2RhOC(Ph)2C^CPh at −40 °C,17 in
which it is plausible that b-alkynyl elimination proceeds by
a Rh-alkyne p complex.

From these precedents and the observed stability of linear
(IPr*R)CuOC(ArF)2C^CPh for b-alkynyl elimination, we postu-
late that diverting from NHC-supported linear propargylic
alkoxides to diphosphine-supported trigonal planar propargylic
alkoxide complexes might lower the energy barrier for b-alkynyl
© 2024 The Author(s). Published by the Royal Society of Chemistry
elimination by facilitating the formation of the Cu-alkyne p

complex. This hypothesis aligns with the qualitative molecular
orbital analysis and experimental studies that indicate
geometric perturbation of a linear d10 conguration to a bent or
trigonal conguration leads to higher reactivity.41–44 Addition-
ally, computation predicts that the pyramidalization of trigonal
planar Cu(I) species to accommodate a coordinating ligand (e.g.
alkyne group) occurs at lower energy than the bending of linear
Cu(I) species.45

Indeed, treating (dppf)Cu(mesityl)46 with 1.0 equiv. of
HOC(ArF)2C^CPh in C6D6 at 25 °C produced [(m-dppf)
CuC^CPh]2 (4), ArF2C]O, and a new species by the initial
collection of the NMR spectroscopic data. As expected, the 31P
{1H} NMR spectrum contains product 4 at −11 ppm, which has
been spectroscopically characterized.34 The 31P{1H} NMR signal
at −21.8 ppm and the ferrocenyl 1H NMR signals at 4.06 and
Chem. Sci., 2024, 15, 17481–17489 | 17483
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3.81 ppm in the 31P{1H} and 1H NMR spectra (Fig. S9A and C†),
respectively, indicate the formation of a new species. These
signals do not correspond to free dppf, which contains a 31P{1H}
NMR signal at −17.5 ppm and 1H NMR signals of the ferrocenyl
moiety at 4.14 and 4.03 ppm in C6D6. The

19F{1H} NMR spec-
trum shows a 1 : 3 ratio of ArF2C]O (−107 ppm) and the new
species (−117 ppm) (Fig. S9B†), consistent with a CuOC(ArF)2-
C^CPh species based on the 19F{1H} NMR data of (NHC)
CuOC(ArF)2C^CPh complexes (see above). From the collective
multinuclear NMR data, we therefore proposed the formation of
(dppf)CuOC(ArF)2C^CPh as the new species.47 Aer 1 h at 25 °
C, only major products of 4 and ArF2C]O were detected by 1H,
19F{1H}, and 31P{1H} NMR spectroscopy (Fig. S9†). A preparative-
scale reaction of in situ generated (dppf)Cu(mesityl) and
HOC(ArF)2C^CPh in toluene at 25 °C for 2 h produced 4 in an
isolated yield of 60% by recrystallization from THF and pentane
at 25 °C over 48 h. The 1H and 31P{1H} NMR data of isolated 4
match those of 4 generated in the above elimination reaction
and the reported literature (Fig. S10†).34 Moreover, the scXRD
structure of 4, presented in Scheme 3, veries its dimeric
structure.

To demonstrate the generality of diphosphines for medi-
ating b-alkynyl elimination at room temperature, we examined
the reaction of S-BINAP, CuMes, and HOC(ArF)2C^CPh in C6D6.
Aer 2 h at 25 °C, the formation [(S-BINAP)CuC^CPh]2 (5) and
ArF2C]O was evidenced by 1H, 19F{1H}, 31P{1H} NMR spec-
troscopy (Fig. S11 and S12†). Vapor diffusion of pentane into the
reaction mixture at 25 °C afforded yellow crystals of 5 in 52%
isolated yields and scXRD structural determination for the
dimer of 5 is shown in Scheme 3. Besides the effect of ligands on
the rates of b-alkynyl elimination, X-ray crystallographic anal-
ysis also revealed the dependence of ligands on the nuclearity of
the acetylide complexes in the solid state. Specically, the
Scheme 3 scXRD structures of dimeric [(m-dppf)Cu(C^CPh)]2 (4) and
[(S-BINAP)Cu(C^CPh)]2 (5) shown at a 50% probability thermal ellip-
soid. All hydrogen atoms, positional disorders, and solvents are
omitted.

17484 | Chem. Sci., 2024, 15, 17481–17489
preferred formations of monomeric and dimeric phenyl-
acetylide complexes are supported by NHCs33 and diphos-
phines,35 respectively.
Scope and selectivity of b-alkynyl eliminations

Thus far, we have shown that NHC and diphosphine ligands can
promote b-alkynyl eliminations of LCuOC(ArF)2C^CPh
complexes at different rates and temperatures. We next deter-
mined the scope for substituted propargylic alkoxides and the
selectivity of b-alkynyl versus b-hydrogen elimination. The scope
of propargylic alkoxide Cu(I) complexes for b-alkynyl elimina-
tion is summarized in Scheme 4.

The steric properties of the dimethyl and diphenyl groups at
the b-carbon of the propargylic alkoxide were tolerated as evi-
denced by the clean conversion of (IPr*Me)CuOC(Me)2C^CPh
(6a) and (IPr*Me)CuOC(Ph)2C^CPh (6b) to 2-Me in C6D6 at 100
°C for 3 h (Scheme 4, Fig. S15 and S18†). Replacing phenyl-
acetylene with electron-rich 4-methoxyphenyl acetylene or 2-
thiophene acetylene in complexes of (IPr*Me)CuOC(ArF)2-
C^C(C6H4-p-OMe) (7a) and (IPr*Me)CuOC(ArF)2C^C(C4H3S)
(8a) also underwent complete elimination to the corresponding
acetylide products (IPr*Me)CuC^C(C6H4-p-OMe) (7b) and
(IPr*Me)CuC^C(C4H3S) (8b) (Fig. S19, S20, S27, and S28†). The
solid-state structures of 8a and 8b have been veried by scXRD
measurement and are shown in Fig. 3. Detailed synthetic,
spectroscopic, and structural characterisation of propargylic
alkoxide complexes and acetylide products is provided in the
ESI.†

The proposed stepwise reaction sequence of b-alkynyl elim-
ination and 1,4-conjugate addition has enabled (BINAP)Rh-
catalysed 1,3-alkynyl rearrangement of alkenyl carbinols to the
Scheme 4 (A) The scope of propargyl alkoxide complexes for b-
alkynyl eliminations. (B) Probing for 1,3-alkynyl rearrangement in the
reaction of (IPr*Me)CuN(SiMe3)2 and HOC(C^CPh)(C6H4-p-NMe2)(–
CH]CHPh) in C6D6, 100 °C, 3 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 scXRD structures of 8a (left) and 8b (right) are shown at a 50%
probability thermal ellipsoid. All hydrogen atoms, positional disorders,
and solvents are omitted.

Fig. 4 Selective b-alkynyl over b-hydrogen elimination of compound
9 to products 2-Me and PhCHO. (A) 1H NMR data of 9 at 25 °C before
heating and at 100 °C after 3 h, showing the presence of 2-Me and
PhCHO. (B) Verification of 2-Me in the reaction by referencing the 1H
NMR spectrum of authentic 2-Me. The scXRD structure of 9 is shown
at a 50% probability thermal ellipsoid and the hydrogen atom on the
alkoxide ligand was located and refined without constraint.
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corresponding b-alkynylketones.14 Therefore, we investigated
whether Cu(I) can mediate this 1,3-alkynyl rearrangement by
examining the stoichiometric reaction of (IPr*Me)CuN(SiMe3)2,
(dppf)CuMes or (S-BINAP)CuMes with 1.0 equiv.
HOC(C^CPh)(C6H4-p-NMe2)(–CH]CHPh) in C6D6 at 25–100 °
C for 3–24 h (Scheme 4B). 1H, 31P{1H} NMR spectroscopic
analysis of the reaction indicates only the formation of corre-
sponding phenylacetylide complexes of 2-Me, 4, and 5. Control
reactions of isolated 2-Me, 4, or 5 with 1.0–2.0 equiv. of 3-
(uorophenyl)-1-phenyl-2-propen-1-one in C6D6 at 25–80 °C for
24–48 h produced no reactions. Collectively, these results
indicate that the resulting NHC- or diphosphine-supported
phenylacetylide Cu(I) complexes aer b-alkynyl eliminations
from propargylic alkoxides cannot engage the extruded a,b-
unsaturated ketone in 1,4-conjugate addition to complete the
1,3-alkynyl rearrangement as previously observed for Rh
chemistry.

To determine the selectivity of b-alkynyl and b-hydrogen
elimination, we analyzed the thermolysis of secondary prop-
argylic alkoxide complexes of LCuOC(H)(Ph)C^CPh (L =

IPr*Me, dppf). We hypothesized that b-alkynyl elimination can
be selective over b-hydrogen elimination because the irrevers-
ible formation of Cu-acetylides from tertiary propargylic alkox-
ides hints at a highly exothermic reaction compared to the
endothermic reaction of b-hydrogen elimination of Cu(I)-
alkoxide to generate Cu–H as suggested by computation
studies.48 If b-alkynyl and b-hydrogen elimination traverses
a similar four-centred transition state via a Cu-alkyne p or a Cu–
H–C s-complex, respectively, then the p-complex is likely
favored over the s-complex based on the varied reports of Cu-
alkyne p complexes29,39 and the computationally predicted
repulsive nature of the Cu–H–C interaction.49

Analogous to 1-Me, the secondary propargylic alkoxide
complex of (IPr*Me)CuOC(H)(Ph)C^CPh (9) is stable at 25 °C
in C6D6 for 24 h by 1H NMR spectroscopy.50 Heating the C6D6

solution of 9 at 100 °C for 2 h and 4 h produced (IPr*Me)
CuC^CPh (2-Me) in 75% and 85%, respectively, against a 1,3,5-
trimethoxybenzene internal standard, indicating selective b-
alkynyl elimination (Fig. 4). The expected product of PhCHO
was detected at 9.63 ppm and veried by spiking the post-
reaction mixture with fresh PhCHO, leading to the growth of
the 9.63 ppm signal. The presence of [(IPr*Me)CuH]2 or metallic
copper from [(IPr*Me)CuH]2 decomposition or Cu-vinyl species
© 2024 The Author(s). Published by the Royal Society of Chemistry
from alkyne insertion into the Cu–H bond was not spectro-
scopically observed (Fig. S22†).

Selective b-alkynyl elimination was also achieved in the
reaction of dppf, CuMes, and HOC(H)(Ph)C^CPh. The initial
1H NMR spectrum (C6D6, 25 °C) aer treating in situ generated
(dppf)CuMes with HOC(H)(Ph)C^CPh contained 58% of
PhCHO and [(dppf)Cu(C^CPh)]2 (5), and a proposed new
species of (dppf)CuOC(H)(Ph)C^CPh based on resonances at
6.36 ppm and 4.13, 3.82 ppm corresponding to the C–H group of
OC(H)(Ph)CCPh and ferrocenyl C–H of dppf (Fig. S23A†). Aer
1 h, the major products of PhCHO and 5 were observed in 95%
by 1H and 31P{1H} NMR spectroscopy (Fig. S23A and B†). These
results demonstrate that the conserved selectivity of b-alkynyl
over b-hydrogen elimination in secondary propargyl alkoxide
Cu(I) complexes is independent of NHC and diphosphine
ligands. Selective b-alkynyl elimination from a secondary
propargylic alkoxide of (dppm)2ReOC(H)(Ph)C^CPh has been
reported (dppm = bis(diphenylphosphino)methane).51

However, the product of (dppm)2ReC^CPh was not isolated, as
the acetylide complex underwent an acid-mediated secondary
reaction to form a vinylidene complex.
Eyring analysis and the effect of NHC ligands on the rates of b-
alkynyl elimination by quantitative UV-vis kinetic studies

Based on experimental and computational studies of b-aryl
eliminations from Rh alkoxides,22–24,36 b-alkynyl elimination of
Chem. Sci., 2024, 15, 17481–17489 | 17485
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(NHC)CuOC(ArF)2C^CPh likely proceeds through a four-
centred transition state via a Cu-alkyne p complex, in which
an associative mechanism for rate-limiting C–C bond cleavage
should engender a negative entropy of activation DS‡. Alterna-
tively, a dissociative mechanism for the rate-limiting extrusion
of ArF2C]O from (NHC)CuC^CPh(ArF2C]O) aer C–C bond
cleavage should yield a positive DS‡.

To distinguish these scenarios, we performed an Eyring
analysis in a temperature range of 60–100 °C for the thermolysis
of (IPr*Me)CuOC(ArF)2C^CPh (1-Me) in toluene to produce
(IPr*Me)CuOC^CPh (2-Me) and ArF2C]O. The rates of b-
alkynyl elimination, kobs, were determined by UV-vis kinetic
studies, in which the reaction progress was monitored at
355 nm for the formation of ArF2C]O over 5–6 half-lives (Fig. 5).
A representative UV-vis kinetic prole and plot of absorbance
versus time for the rst-order reaction of b-alkynyl elimination
of 3.8 mM 1-Me at 100 °C is shown in Fig. 5. Eyring analysis of
the variable-temperature rate data provided activation param-
eters of DH‡ = 24(1) kcal mol−1, DS‡ = −8(3) e.u., and DG‡ (25 °
C)= 27 kcal mol−1 (Fig. 5). A free energy of DG‡ (25 °C)= 27 kcal
mol−1 is consistent with the lack of b-alkynyl elimination of 1-
Me at room temperature. The magnitude and negative DS‡

support an associative mechanism for the b-alkynyl elimination
of 1-Me and are consistent with reported Eyring analysis for
unimolecular b-hydrogen and b-alkyl elimination of metal alkyl
Fig. 5 UV-vis kinetic and Eyring analysis for the b-alkynyl elimination
of 1-Me (3.8 mM) support an associative mechanism. Representative
UV-vis kinetic profile and analysis of 1-Me (3.8 mM) in toluene at 100 °
C indicate first-order kinetic behavior and a kobs = 6.2 × 10−4 s−1. A
summary of all kobs at 60–100 °C in duplicate runs is provided in Table
S1 of the ESI.†

17486 | Chem. Sci., 2024, 15, 17481–17489
complexes that proceed through four-centred transition
states.52–55 We further demonstrated the unimolecular b-alkynyl
elimination of 1-Me in the solid state. Heating of solid 1-Me at
100 °C under a N2 atmosphere, followed by dissolution of the
solid aliquots at the designated time intervals in C6D6 for 1H,
19F{1H} NMR spectroscopic analysis, showed a mixture of 1-Me
and 2-Me in ratios of 1.0 : 2.5, 1.0 : 8.0, and 1.0 : 25 aer 3 h, 6 h
and 9 h, respectively (Fig. S30†).

To determine the effect of steric and electronic properties of
NHC ligands on b-alkynyl elimination of tertiary propargylic
alkoxides, wemeasured the rates of elimination for 3.8 mM of 1-
Me, 1-Me, 1-OMe, 1-Cl and 3 in toluene at 90 °C using the above
UV-vis kinetic procedure. The resulting rates of reaction are
summarized in Fig. 6. Complexes 1-Me and 3, which contain
calculated %volume buried (r = 5.5 Å) of 63.6 for IPr*Me and
46.3 for IPr,56 exhibited similar elimination rates of 2.6(1) ×

10−4 s−1 and 2.4(1) × 10−4 s−1, respectively, whereas electroni-
cally varied 1-OMe and 1-Cl underwent b-alkynyl elimination 2.2
and 1.3 times faster than that of 1-Me, respectively. Additional
studies to elucidate the electronic effects of 1-OMe and 1-Cl on
the elimination rate were not pursued since the contribution is
minor compared to diphosphines, which can promote b-alkynyl
elimination at room temperature. Collectively, propargylic
alkoxide complexes supported by diphosphines exhibited faster
rates of b-alkynyl elimination at lower reaction temperature
than those supported by sterically and electronically modied
monodentate NHC ligands.

The accelerated b-alkynyl eliminations of diphosphine-
supported propargylic alkoxide Cu(I) complexes at room
temperature compared to those of NHC-supported propargylic
alkoxide Cu(I) complexes at higher temperature is rationalized
by a lowered energy barrier for C–C bond cleavage of the
propargylic alkoxide from a three-coordinate propargylic
alkoxide complex or a four-coordinate (diphosphine)Cu-alkyne
Fig. 6 A summary of UV-vis kinetic studies for the b-alkynyl elimi-
nation rates of 3.8 mM 1-Me, 1-OMe, 1-Cl, and 3. Additional UV-vis
kinetic plots and duplicate or triplicate measurements of rates are
provided in Fig. S29A–D and Table S2 of the ESI.†

© 2024 The Author(s). Published by the Royal Society of Chemistry
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p complex as the ground-state (GS) structure. To distinguish
between these mechanistic scenarios, we performed compu-
tational analysis on complexes of LCuOCArFCCPh (L= IPr*Me,
S-BINAP) using dispersion-corrected DFT57 with an uB97X-D3
functional and the def2-TZVP basis set.58 Geometry optimiza-
tions were conducted in a continuum solvent (benzene).59

Details of the methodology are provided on page S42 of the
ESI.†

The computed GS structure of (S-BINAP)CuOC(ArF)2C^CPh
is a trigonal planar complex rather than a Cu-alkyne p complex
Fig. 7 Computational analysis was performed to determine the
ground-state structure of (S-BINAP)CuOC(ArF)2C^CPh (A) and tran-
sition-state structures of LCuOC(ArF)2C^CPh complexes (L = S-
BINAP, IPr*Me) (B) and their free energy barriers for b-alkynyl elimi-
nation. The free energy barrier for b-alkynyl elimination of a trigonal
planar (S-BINAP)CuOC(ArF)2C^CPh is lowered than that of a linear
(IPr*Me)CuOC(ArF)2C^CPh.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(Fig. 7). (S-BINAP)CuOC(ArF)2C^CPh undergoes b-alkynyl
elimination with a calculated free energy barrier (DG‡) of 23.5
kcal mol−1 compared to that of (IPr*Me)CuOC(ArF)2C^CPh at
24.8 kcal mol−1. This small energy difference of 1.4 kcal mol−1

is less than the approximate energy difference of 4–5 kcal mol−1

based on the observed rate of b-alkynyl elimination as a func-
tion of temperature. Due to the limitations in the accuracy of
the method, we also analyzed analogous complexes to establish
a trend for DG‡ to eliminate systematic errors in the activation
free energy.

We therefore calculated the b-alkynyl elimination barrier for
(IPr)CuOC(ArF)2C^CPh because this complex exhibits a similar
b-alkynyl elimination rate to that of (IPr*Me)CuOC(ArF)2-
C^CPh (Fig. 6) and is ligated by an IPr ligand devoid of exible
anking aryls. A DG‡ of 26.3 kcal mol−1 was observed for the b-
alkynyl elimination of (IPr)CuOC(ArF)2C^CPh. A 2.8 kcal mol−1

increase in the DG‡ for the C–C bond cleavage of (IPr)
CuOC(ArF)2C^CPh compared to that of (S-BINAP)CuOC(ArF)2-
C^CPh approaches the approximate energy difference that is
consistent with experimental b-alkynyl elimination rates.

The transition-state (TS) structures for the b-alkynyl elimi-
nation of linear (IPr*Me)CuOC(ArF)2C^CPh and trigonal
planar (S-BINAP)CuOC(ArF)2C^CPh complexes show complete
C–C bond cleavage of the propargylic alkoxide as evidenced by
a bond distance of 1.25–1.27 Å for the C]O functionality of
ArF2C]O (Fig. 7). The presence of monodentate IPr*Me and
bidentate S-BINAP ligands also leads to different binding
modes of the ruptured phenylacetylide. The TS structure of
IPr*Me-supported species resembles a T-shaped geometry
based on key angles of C1–Cu1–O1= 122.92° and C1–Cu1–C3=
187.11°. The Cu(I) center is additionally coordinated by an h1-
O]CArF2 and contains a weak Cu–(h2-C^CPh) p interaction as
evidenced by a C3–C4 distance of 1.25 Å. The computed trigonal
planar (S-BINAP)CuOC(ArF)2C^CPh complex adopts a distorted
tetrahedral complex in the transition state coordinated by h1-
O]CArF2 and s-C^CPh ligands (Fig. 7).

We also computationally examined the electronic effect of
the electron-rich SIPr ligand, which contains a saturated ve-
membered ring, by calculating the DG‡ of b-alkynyl elimina-
tion for LCuOC(ArF)2C^CPh (L = IPr, SIPr) [SIPr = (1,3-bis(2,6-
diisopropylphenyl)dihydroimidazolidin-2-ylidene)]. The calcu-
lated DG‡ of 26.3 and 26.2 kcal mol−1 for (IPr)CuOC(ArF)2-
C^CPh and (SIPr)CuOC(ArF)2C^CPh, respectively, suggests no
electronic contribution between IPr and SIPr on the elimination
rate at this level of theory. The geometries of the TS structures of
LCuOC(ArF)2C^CPh (L = IPr, SIPr) are presented in Fig. S32 of
the ESI.†

Conclusions

We have provided direct spectroscopic and structural evidence
for the general, selective, and irreversible b-alkynyl eliminations
of tertiary and secondary propargylic alkoxide Cu(I) complexes
supported by various NHC and diphosphine ligands. The
transformation tolerates substitutions of aryl, alkyl, hydrogen,
aryl alkenyl, –C^C(C6H4-p-OMe), and –C^C(C4H3S) at the b-
carbon of the propargylic alkoxides and exhibits selective b-
Chem. Sci., 2024, 15, 17481–17489 | 17487
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alkynyl over b-hydrogen elimination for the different secondary
propargyl alkoxide Cu(I) complexes. This selectivity is attributed
to the favorable formation of a Cu-alkyne p complex over a Cu–
H–C s complex and the stable product of Cu(I)-acetylide.

Eyring analysis of the b-alkynyl elimination of (IPr*Me)
CuOC(ArF)2C^CPh supports an associative mechanism, in
which C–C bond cleavage at the propargylic alkoxide proceeds
through a four-centred transition state. Employing diphosphine
ligands dramatically inuenced the relative rate and reaction
temperature for the b-alkynyl elimination of propargylic
alkoxide complexes compared to the elimination rates obtained
by modulating the steric and electronic properties of the NHC
ligands. Computational analysis identied a lower free energy
barrier for b-alkynyl elimination at trigonal planar diphosphine-
supported propargylic alkoxide Cu(I) species than those of
linear NHC-supported analogues. This comprehensive study of
C–C bond cleavage at isolable low-coordinate Cu(I)-alkoxides
serves to broaden the scope and mechanistic understanding of
rarely observed b-carbon elimination of late rst-row transition
metals beyond that of Pd- and Rh-alkoxides.
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