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ABSTRACT: π-coordinating units incorporated in the supporting
ligand of an organometallic complex may open up specific reactive
pathways. The diphosphine ketone supported nickel complex
[(p‑tolL1)Ni(BPI)] (p‑tol1; p‑tolL1 = 2,2′-bis(di-p-tolylphosphino)-
benzophenone; BPI = benzophenone imine) has previously been
shown to act as an active and selective alkyne cyclotrimerization
catalyst. Herein, DFT calculations support an adaptive behavior of
the ligand throughout the catalytic cycle, several elementary steps
being assisted by coordination or decoordination of the CO
moiety. A comparison with related bi- and tridentate phosphine
ligands reveals the key role of the hemilabile π-acceptor moiety for
the catalytic activity and selectivity of p‑tol1 in alkyne cyclo-
trimerization.

■ INTRODUCTION
The development of efficient and sustainable methodologies
for the formation of carbon−carbon bonds has always been a
central topic in synthetic chemistry. In particular, the metal-
catalyzed [2 + 2 + 2] cycloaddition of alkynes is a powerful and
versatile protocol in the construction of functionalized ring
systems.1 The transformation is suitable for a variety of
unsaturated motifs, allowing for the construction of various
substituted six-membered cycles, such as benzenes, pyridines,
and 1,3-cyclohexadienes. Such polysubstituted arenes are at the
core of many natural products and are attractive synthetic
targets for both industry and academia.2 The catalytic
cyclotrimerization of alkynes has been intensely studied,
which has resulted in the development of a number of
metal-based catalytic systems.
Since the initial reports of Reppe et al. in the Ni-catalyzed

cyclooligomerization of alkynes, describing in two separate
papers both the formation of cyclooctatetraene (COT)3 and
substituted benzenes,4 the cyclotrimerization of alkynes
mediated by nickel complexes has been extensively investigated
(see Chart 1 for selected examples).5 Early contributions in the
field include investigations reported by the Eisch group about
the transformation of internal alkynes with phosphine-
supported nickelacylopentadienes to lead to the formation of
polysubstituted benzenes (Chart 1A; top left).6 Pörschke and
co-workers extensively studied the reaction of acetylene with
phosphine-based and diazadiene-based nickel complexes,
which provided insights into the structure of certain catalytic
intermediates in Ni-catalyzed cyclotrimerization reactions
(Chart 1A, top right, and Chart 1B, right).7 In 2013, the
Guan group reported an easily accessible and highly efficient in
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Chart 1. Nickel Systems for Alkyne Cyclotrimerization
Reactionsa

a(A) Selected examples of representative Ni systems for alkyne
cyclotrimerization, separated by research group;6−10 R = 1,3-
diisopropylbenzene. (B) Examples of mechanistic studies on
mononuclear Ni(0) complexes in which a metal−ligand adaptive
mechanism was proposed.7d,e,13,21c
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situ generated Ni system (Ni(cod)2 + 3 equiv of PPh3), active
and regioselective for a wide range of ynoates and other related
alkynes, with a TON as high as 2000 for the cyclotrimerization
of ethyl propiolate at room temperature and within 2 h (Chart
1A, bottom left).8 Recently, the dinickel complexes from the
Uyeda group9 and the Groysman and Lord groups10 were
shown to promote the regio- and chemoselective cyclo-
trimerization of several terminal alkynes, preferentially forming
the 1,2,4-trisubstituted arenes over the substituted COT
products and outperforming related mononuclear Ni com-
plexes of N-bound-containing ligands and Ni(cod)2, for which
cyclotetramerization is generally favored (Chart 1A, bottom
right).
Our group recently reported the use of a hemilabile ligand

featuring an electron-accepting π ligand as a labile moiety,11

2,2′-bis(di-p-tolylphosphino)benzophenone (p‑tolL1),12 for
alkyne cyclotrimerization (Chart 1B, left).13 The Ni(0)
complex [(p‑tolL1)Ni(BPI)] (p‑tol1; BPI = benzophenone
imine) was shown to be an active catalyst for terminal alkyne
cyclotrimerization, selectively affording the 1,2,4-trisubstituted
arene product over the 1,3,5-isomer and larger rings such as
COTs. The results obtained with p‑tol1 contrasted with those of
the tridentate trisphosphine [(p‑tolL2)Ni(BPI)] (p‑tol2; p‑tolL2 =
bis[2-(di-p-tolylphosphino]phenyl]phenylphosphine and the
bidentate diphosphine ether [(PhL3)Ni(BPI)] (Ph3; PhL3 =
bis[2-(diphenylphosphino)phenyl] ether) complexes. Namely,
the tridentate ligand p‑tolL2 afforded a considerably less active
catalyst, while the bidentate PhL3 resulted in both lower
activity and lower selectivity for trimerization over tetrameriza-
tion. The hemilabile behavior of p‑tol1 was evidenced by the
decoordination of the CO moiety from p‑tol1 upon exchange
of the BPI ligand for alkynes to form the mono(alkyne) resting
state. In addition, a preliminary DFT study showed that the
CO bond is bound to Ni in the key metallacyclopentadiene
intermediate (see Scheme 1 for the commonly proposed
mechanism).
The mechanism of the transition-metal-catalyzed cyclo-

trimerization of alkynes has been the subject of several
experimental and computational studies.14 The generally
accepted pathway from the mono(alkyne) complex I first
involves the oxidative coupling of two alkynes II to yield the
metallacyclopentadiene IIIa or its biscarbene resonance
structure IIIb, commonly proposed to be rate determining
(Scheme 1; see section 1.1 in the Supporting Information for a
more detailed picture of the mechanism).15 The generated
metallacycle is a key intermediate for both activity and
regioselectivity (i.e., ratio between the 1,2,4- and 1,3,5-
trisubstitued isomers; see also section 1.2 in the Supporting
Information). Subsequently, the insertion of the third alkyne to
form the final aromatic product can proceed via a [4 + 2] (IV
or V) or [2 + 2] (VI) cycloaddition pathway or through the
migratory insertion (VII) of the alkyne into a metal−carbon
bond.1h This final step likely governs the selectivity of the
cyclotrimerized product vs larger-size rings (mostly cyclo-
octatetraenes)16 or oligomers and may also influence the
regioselectivity. A π-bound benzene adduct (VIII) is
commonly proposed along the cycle, prior to the liberation
of the cyclotrimerized product and the regeneration of the
mono(alkyne) intermediate I. Some examples of mechanisti-
cally well studied systems include cyclopentadiene (Cp)-
supported cobalt17 and ruthenium,18 in addition to rhodium-
based systems with different types of ligands.19

Mechanistic investigations on nickel catalysts are somewhat
less common.13,20,21 Two examples indicate the utility of
hemilabile, bidentate ligands. First, Jones’ nickel(0) complex of
a hybrid phosphino-amino (PN) ligand (Chart 1B, middle)
was shown to be significantly more active than complexes of
the re la ted diphosphine l igand (PP = 1,2-bi s -
(diisopropylphosphino)ethane),21c which was attributed to
the ability of the weakly donating amine arm to free up a
coordination site (section 1.3 and Figure S1 in the Supporting
Information). Second, Pörschke and co-workers studied the
stoichiometric cyclotrimerization of acetylene at a Ni(0) center
supported by a bulky diphosphinomethylene ligand (Chart 1B,
right) to form an η6-bound benzene−Ni complex, in which
only one P-donor atom is bound to Ni.7d This hemilabile
behavior of the diphosphine ligand likely arises from the
moderate stability of four-membered chelate rings (section 1.3
and Scheme S3 in the Supporting Information).7e Additionally,
Uyeda,9,21d Ess,21d and Groysman and Lord10 recently probed
the mechanism of alkyne cyclotrimerizations catalyzed by
dinuclear nickel bis(imino)pyridine catalysts (Chart 1A,
bottom right). In both cases, the transformation was suggested
to occur through a migratory insertion pathway for the
incorporation of the third alkyne into the cyclotrimerized
product, the bimetallic architectures preventing the insertion of
the fourth equivalent of alkyne (section 1.3 and Figure S2 in
the Supporting Information).
Here we report a DFT study of the potential energy surface

for the cyclotrimerization of alkynes catalyzed by p‑tol1 (Chart
1B, left) that accounts for the experimental observations. In
particular, the role of the labile π-acceptor CO unit
throughout the reaction is investigated. The difference in
activity and selectivity among the diphosphine ketone p‑tol1,
trisphosphine p‑tol2, and diphosphine ether Ph3 complexes are
also investigated by DFT calculations.

Scheme 1. Simplified Commonly Proposed Catalytic Cycle
for the Metal-Catalyzed Cyclotrimerization of Acetylene
into Benzene14, a

aThe addition of the third molecule of acetylene can also occur
stepwise via an intermediate halt, with first coordination of acetylene
to the metal (i.e., with a M−η2-(HCCH) bond), prior to the new σ
C−C bond formation.
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■ RESULTS AND DISCUSSION
General Considerations. To assess the effect of the

hemilabile CO moiety from p‑tolL1 in alkyne cyclotrimeriza-
tion reactions and understand the differences in reactivity
among p‑tol1, p‑tol2, and Ph3 observed experimentally, plausible
mechanistic pathways were mapped by DFT calculations. The
Gibbs free energies were obtained at T = 298.15 K, from a
M06L/def2TZVP single-point refinement with the toluene
solvent model based on density (SMD) and dispersion
correction (GD3) using the geometries optimized at the
M06L-GD3/6-31g(d,p) level of theory and frequencies
calculated at the same level (see also the Experimental Section
for more details). Calculations were performed on a slightly
truncated model system (phenyl substituents instead of p-tolyl
on the phosphorus side arms; Chart 2A), using acetylene as the

alkyne substrate (Chart 2B). The discussion starts with a
general description of the Gibbs free energy surface calculated
for the cyclotrimerization of acetylene into benzene catalyzed
by Ph1 (Gibbs Free Energy Surface). Next, each elementary
step is addressed in detail, describing the considered
alternatives (from Alkyne Coordination Step to Regioselectiv-
ity). Finally, the geometric and energetic differences (or
similarities) between the catalytic intermediates supported by
PhL1 and those containing the strong tridentate ligand PhL2
and the bidentate ligand PhL3 are investigated (Comparison
with the Tridentate Trisphosphine and the Bidentate
Diphosphine Ether Ligands).
Gibbs Free Energy Surface. Figure 1 depicts the

calculated Gibbs free energy surface, including the inter-
mediates and transition states involved in the cyclotrimeriza-
tion of acetylene catalyzed by Ph1 in a singlet spin state. An
overall exergonic ΔG° value of −131.0 kcal/mol was
calculated, in acceptable agreement with the experimental
value of ca. −137 kcal/mol found for the cyclotrimerization of
acetylene into benzene.22 The proposed pathway is divided
into distinct parts (i.e., alkyne coordination, oxidative coupling,
second alkyne coordination, insertion, reductive elimination of
benzene, and substrate exchange), which are detailed step by
step in the next subsections. Overall, the alkyne coordination
steps are endergonic (ΔG° = +10.4 and +7.7 kcal/mol,
respectively), while all of the other steps are favorable and
exergonic. The coordinations of both the second and third

acetylene molecules to Ni are slightly exothermic (ΔH° = −0.7
and −2.9 kcal/mol, respectively); the entropic contributions
(TΔS° = −11.1 and −10.5 kcal/mol, respectively), and hence
the endergonicity of these elementary steps, are probably
overestimated in the gas phase.
Remarkably, the ligand adapts its coordination geometry by

reversible binding of the CO moiety to Ni throughout the
Gibbs free energy surface, stabilizing catalytic intermediates or
transition states. Elementary steps such as alkyne coordination,
oxidative coupling, reductive elimination, and substrate
exchange are coupled to changes in the coordination of the
ketone (see also section 2.3.1 and Table S2 in the Supporting
Information for natural bond orbital analysis of the
intermediates). Of particular importance, the rate-determining
oxidative coupling step (Ph1-[I2] → Ph1-[I3]) is assisted by π
coordination of the CO unit to Ni, which stabilizes the key
metallacyclopentadiene intermediate. An overall energy barrier
of ΔG°,⧧(Ph1-[TS2]) = +26.2 kcal/mol is in the acceptable
range limit (∼25 kcal/mol)23 for a reaction proceeding at
room temperature: catalytic experiments proceed under
nonstandard conditions (vs calculated under standard
conditions), the alkyne substrate concentration being signifi-
cantly greater than the concentration of the nickel species. The
experimental activation Gibbs free energy of the rate-limiting
step (ΔG⧧) is therefore expected to be lower than the
activation Gibbs free energy computationally determined
under standard conditions (ΔG°,⧧), as the nonstandard
equation applies (i.e., ΔG = ΔG° + RT ln Q, with R = gas
constant and Q = reaction quotient). In addition, the structure
and geometry of Ph1-[TS2] are likely determinant for the
regioselectivity of the reaction when a substituted alkyne is
used (see Regioselectivity for more details).

Alkyne Coordination Step. Bis(acetylene) complexes
have often been proposed along transition-metal-catalyzed
alkyne cyclotrimerization pathways. The monoalkyne resting
state of the catalyst, Ph1-[I1], adopts a tricoordinate, 16-VE
configuration, with an unbound ketone (Cke−O = 1.23 Å; Ni−
Cke = 3.51 Å; Ni−O = 3.19 Å; ke = ketone), consistent with in
situ experimental observations.13 The transition state for the
alkyne uptake, Ph1-[TS1], has a Gibbs free energy of 13.9 kcal/
mol relative to Ph1-[I1] and is characterized by an imaginary
frequency that corresponds to the η2 bond formation between
nickel and acetylene (Ni−Cac = 2.05 Å; Ni−Cac = 2.62 Å; ac =
acetylene). This step is endergonic by 10.4 kcal/mol, to afford
a tetracoordinate 18-VE bis(alkyne) intermediate, Ph1-[I2],
unsurprisingly devoid of a Ni−(CO) interaction (Cke−O =
1.24 Å; Ni−Cke = 3.42 Å; Ni−O = 3.02 Å). During this step
(Figure 2), no significant changes in geometry or rehybridiza-
tion of the CO fragment are observed. In the optimized
structure of Ph1-[I2], the acetylene ligands are coordinated
with elongated Ni−Cac (1.93−1.98 Å) distances in comparison
to the mono(alkyne) analogue Ph1-[I1] (1.84 Å), an effect that
has been reported in other DFT studies.17a,g,h

Alternative pathways, involving decoordination of one
phosphine arm from PhL1, have also been considered.
Bis(acetylene) structures with Ni−η1(O) or Ni−η2(C,O) or
without coordination of the ketone unit to Ni were not
located; instead, geometry optimizations converged to Ph1-
[I2], excluding the involvement of such intermediates along
the Gibbs free energy surface for this specific step.

Oxidative Coupling Step. From the bis(acetylene)
complex Ph1-[I2], several closed-shell or open-shell pathways
have been considered for the coupling of two acetylene

Chart 2. Ligands (A) and the Mono(acetylene) Ni
Complexes (B) Used in This Study to Computationally
Investigate the Ni-Catalyzed Cyclotrimerization of Terminal
Alkynes, Using Catalysts p‑tol1, p‑tol2, and Ph3a

a“I” stands for intermediate.

Organometallics pubs.acs.org/Organometallics Article

https://dx.doi.org/10.1021/acs.organomet.0c00172
Organometallics 2020, 39, 1998−2010

2000

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00172/suppl_file/om0c00172_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00172/suppl_file/om0c00172_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00172?fig=cht2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00172?fig=cht2&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00172?ref=pdf


fragments (Figure 3).24 First, the most stable intermediate is
the pentacoordinate metallacyclopentadiene Ph1-[I3], arising
from the oxidative coupling from Ph1-[I2], with concerted
formation of one σ(C−C) and two σ(Ni−C) bonds. Ph1-[I3]
adopts a trigonal-bipyramidal geometry in which the CO
moiety from PhL1 is η2 bound. The strong σ donation from the

bidentate hydrocarbyl ligand to Ni can be stabilized in the
equatorial plane of the bipyramid by the π-accepting ketone
unit, as revealed by elongation of the C−O bond (from 1.24 Å
in Ph1-[I2] to 1.36 Å). The π electrons on the butadienyl
ligand in Ph1-[I3] are mostly localized between the Cα and Cβ

positions, with little delocalization throughout the metalla-
cycle.25 Indeed, the calculated bond lengths of 1.35 and 1.46 Å
respectively fall into the expected range for a pure CC
double bond, such as ethylene, and a σ C−C bond between
two sp2-hybridized carbons.26 This assignment is consistent
with the metallacycle formation model proposed by Thorn and
Hofmann in 1979, on the basis of Hückel theory, who
described a nonoptimal overlap between the filled d orbitals of
the metal and π* orbitals from the alkene,27 this effect
preventing the effective electronic delocalization throughout
the metallacycle.
In addition to Ph1-[I3], the putative zwitterionic inter-

mediate Ph1-[I3]’ is located at 30.8 kcal/mol above Ph1-[I1],
significantly higher than the transition state Ph1-[TS2], and
hence can be ruled out. In comparison to the pentacoordinate
intermediate Ph1-[I3], the tetracoordinate analogues with a
Ni−(κ2-(CO,P)) or Ni−(κ2-(P,P)) binding mode are both
unfavorable. While the Ni−(κ2-(P,P)) species could not be
found on the potential energy surface and its optimization
always collapsed into Ph1-[I3], the Ni−(κ2-(CO,P)) inter-
mediate Ph1-[I3]′′ was calculated to be 4.2 kcal/mol higher in
energy. In addition, a transition state leading to Ph1-[I3]′′
could not be located because its corresponding bis(alkyne)
precursor, i.e., a Ni−(κ2-(CO,P)) bis(acetylene) species, was
not detected on the potential energy surface (vide supra).
Finally, the triplet structure of Ph1-[I3] was also found to be
7.6 kcal/mol above the singlet configuration (section 2.3.1 and

Figure 1. Calculated relative Gibbs free energies (in kcal/mol; M06L-GD3/def2TZVP/SMD//M06L-GD3/6-31g(d,p), T = 298.15 K) for the
cyclotrimerization of acetylene into benzene, starting from [(PhL1)Ni(HCCH)] (Ph1-[I1]), on the singlet spin state surface. For clarity, the free
acetylene and benzene substrate molecules are not shown but have been accounted for in the energy calculations. Values in parentheses are Gibbs
free energies in kcal/mol. Dotted lines in the illustration of the transition states represent bonds being formed or broken.

Figure 2. Acetylene coordination step on the singlet spin-state
surface. (top) Schematic representation of the elementary step, with
related Gibbs free energies given in kcal/mol (values in parentheses).
(bottom) Optimized geometries (M06L-GD3/6-31g(d,p)) of the
intermediates and transition states. Hydrogen atoms (except from the
alkyne) and phenyl substituents on phosphorus arms have been
omitted for clarity. Dotted lines in Ph1-[TS1] represent a bond being
formed. Bond lengths are given in Å.
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Figure S3 in the Supporting Information), rendering a two-
state mechanism unlikely.
The oxidative coupling step from the bis(acetylene) complex

Ph1-[2] to MCP Ph1-[I3] is exergonic by −27.7 kcal/mol
(−17.3 kcal/mol relative to Ph1-[I1]) with an energy barrier of
+15.8 kcal/mol (+26.2 kcal/mol in respect to Ph1-[I1]), for
which the driving force is the formation of a new σ C−C
bond.17a In comparison with other elementary steps, the MCP
formation from this system is found to be rate determining, in
accord with reported DFT studies in alkyne cyclotrimerization
mediated by other metal catalysts.1,14

The transition state Ph1-[TS2] is characterized by a single
imaginary vibrational frequency, corresponding to the
formation of a new C−C σ bond. A slight participation of
the π-acceptor central CO moiety in Ph1-[TS2] is evident
from the shortening of the Ni−O (3.02 Å in Ph1-[I2] to 2.40 Å
in Ph1-[TS2]) and Ni−C (3.42 Å in Ph1-[I2] to 3.07 Å in Ph1-
[TS2]) distances. The concomitant increase of the Cke−O
bond length from 1.24 Å in Ph1-[I2] to 1.27 Å in Ph1-[TS2] is
indicative of some degree of π interaction. The corresponding
Wiberg bond indexes (WBIs) are in accord with this
interpretation, with a WBI (Cke−O) decrease from 1.59
(Ph1-[I2]) to 1.45 (Ph1-[TS2]) and 1.14 (Ph1-[I3]) and with a
slight overlap of the orbitals between Ni and CO in Ph1-
[TS2] (WBI(Ni−O) = 0.11 and WBI(Ni−Cke) = 0.10). The
forming π interaction is correlated with a change in the P−Ni−
P angle from 112° in the bidentate state of PhL1 (Ph1-[I2]) to

130° in the transition state (Ph1-[TS2]) and up to 164° in the
tridentate state of PhL1 (Ph1-[I3]).

Reaction with the Third Alkyne Molecule. From the
metallacyclopentadiene complex, different mechanisms and
intermediates have been proposed for the reaction of the third
equivalent of alkyne (Scheme 1 and Introduction; see also
Scheme S1 in the Supporting Information).1h Starting from Ni-
MCP Ph1-[I3], a [4 + 2] Diels−Alder type cycloaddition,
which could proceed without the involvement of the nickel
center, has been examined first (Figure 4, top; [4 + 2]). This

pathway has been suggested to be favored for strong donor
ligands or in reaction media containing strongly coordinating
solvents.14 The resulting 7-metallanorbornadienes28 are
frequently characterized as unstable species, which immedi-
ately decay to a benzene−metal π adduct. Attempts to locate
such a product from the [4 + 2] cycloaddition reaction of
acetylene with Ph1-[I3] were unsuccessful and resulted in
either collapse of the structure to a η2-benzene−nickel adduct
(Ph1-[I7]) or to the migratory insertion product (Ph1-[I5] or
Ph1-[I6]). Similarly, an alternative intermolecular [4 + 2]
cycloaddition generating an η4-bound benzene−nickel complex
(Figure 4, top; [4 + 2]′),29 which can also been seen as a
rearrangement product of the 7-nickellanorbornadiene com-
pound, or a [2 + 2] cycloaddition mechanism (Figure 4, top;
[2 + 2])30 were also discarded, as no stationary points were

Figure 3. Oxidative coupling rate-determining step on the singlet
spin-state surface. (top) Schematic representation of the elementary
step, including different possible pathways, with related Gibbs free
energies given in kcal/mol (values in parentheses). (bottom)
Optimized geometries (M06L-GD3/6-31g(d,p)) of the intermediates
and the transition state. Hydrogen atoms (except from the alkyne and
hydrocarbyl ligands) and the phenyl substituents on the phosphorus
arms have been omitted for clarity. The dotted lines in Ph1-[TS2]
represent bonds being formed or broken. Bond lengths are given in Å.

Figure 4. Reaction of acetylene with the nickelacyclopentadiene
complex Ph1-[I3] on the singlet spin state surface, with related Gibbs
free energies given in kcal/mol (values in parentheses). (top)
Schematic representation of the elementary steps, including the
different evaluated pathways. (bottom) Optimized geometries
(M06L-GD3/6-31g(d,p)) of intermediates and transition states.
Hydrogen atoms (except from the alkyne and the hydrocarbyl
ligands) and the phenyl substituents on the phosphorus arms have
been omitted for clarity. Dotted lines in the transition states represent
bonds being formed or broken. Bond lengths are given in Å.
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located along the energy profiles. The corresponding
intermediates always rearranged into either a η2-benzene
nickel adduct (Ph1-[I7]) or the migratory insertion product
(Ph1-[I5] or Ph1-[I6]) during geometry optimization. There-
fore, the reaction of the third acetylene molecule with the
nickelacyclopentadiene complex Ph1-[I3] is proposed to
happen via migratory insertion (Figure 4, top; migratory
insertion),31 as also described in other dinuclear10,21d or
mononuclear Ni systems.7e,20,21c The triplet-state analogue of
Ph1-[I5] is calculated to be less stable by 2.9 kcal/mol and 6.0
kcal/mol less stable than the pentacoordinate Ph1-[I6] (section
2.3.1 and Figure S3 in the Supporting Information). However,
it should be noted that the 2.9 kcal/mol difference between the
singlet and triplet states is within the margin of error of the
DFT method.
The formation of the nickelacyclopheptatriene intermediate

Ph1-[I5] from Ph1-[I3] and acetylene occurs in a two-step
process with initial η2 coordination of the alkyne molecule to
Ni to form the adduct Ph1-[I4]. Such intermediates have been
proposed for the construction of arenes from alkynes, on the
basis of kinetic inhibition of the reaction of an isolated MCP
with alkynes by donor ligands.17c Further evidence of the
participation of a metallacyclopentadiene-alkyne species in the
catalytic cycle was described by Vollhardt et al., who isolated a
cobaltacyclopentadiene-monoalkyne intermediate in the intra-
molecular Co-catalyzed cyclotrimerization of bis(2-
ethynylphenyl)ethyne.24d,h The Pörschke group also reported
the synthesis of such species (Chart 1B; Introduction) in the
reaction of a bimetallic Ni complex precursor supported by a
1,2-bis(diisopropylphosphino)ethane ligand with an excess of
acetylene.7a

The association step of acetylene to Ph1-[I3] is endergonic
by +7.7 kcal/mol, and Ph1-[I4] lies at −9.6 kcal/mol. A Gibbs
free energy of activation (ΔG°,⧧) of +14.4 kcal/mol is
associated with the coordination step. Upon binding of
acetylene to Ni, the ketone decoordinates and the Ni−P
bonds elongate to 2.30 Å (WBI(Ni−P) = 0.20) and 2.48 Å
(WBI(Ni−P) = 0.18), the latter likely becoming a weak
interaction. The geometry optimization of the transition state
Ph1-[TS3] reveals decoordination of the CO unit (Cke−O =
1.36 Å, Ni−Cke = 1.98 Å, and Ni−O = 1.94 Å in Ph1-[I3] vs
Cke−O = 1.24 Å, Ni−Cke = 3.33 Å, and Ni−O = 2.63 Å in Ph1-
[TS3]) and elongation of the Ni−P bonds (from 2.15 and 2.16
Å in Ph1-[I3] to 2.28 and 2.31 Å in Ph1-[TS3], respectively).
The significant decrease in the Ni−(CO) π interaction from
the MCP Ph1-[I3] intermediate is in accord with the WBIs
from NBO analysis (WBI(Ni−Cke) = 0.31 and WBI(Ni−O) =
0.23 in Ph1-[I3] vs WBI(Ni−Cke) = 0.06 and WBI(Ni−O) =
0.06 in Ph1-[TS3]), while the weakening of the Ni−P bonds
also correlates with their respective Wiberg bond indexes
(WBIs(Ni−P) = 0.32 and 0.33 in Ph1-[I3] vs 0.23 and 0.21 in
Ph1-[TS3]). Ph1-[TS3] is characterized by a single imaginary
frequency corresponding to the formation of a η2-Ni−(CC)
bond.
Next, the migratory insertion from Ph1-[I4] to the

metallacycloheptatriene Ph1-[I5] (G° = −45.3 kcal/mol) via
Ph1-[TS4] (G° = −5.8 kcal/mol) is exergonic by −35.7 kcal/
mol and requires a relatively small activation energy (ΔG°,⧧) of
+3.8 kcal/mol. During this step, new Ni−vinyl and σ C−C
bonds are formed in a concerted fashion, while the carbonyl
remains unbound. In addition, the Ni−P distances shorten
again from 2.30 Å (WBI = 0.20) and 2.48 Å (WBI = 0.18) in

Ph1-[I4] to respectively 2.15 Å (WBI = 0.36) and 2.17 Å (WBI
= 0.34) in Ph1-[I5] via 2.34 Å (WBI = 0.22) and 2.25 Å (WBI
= 0.25) in Ph1-[TS4]. Similarly to the metallacyclopentadiene
intermediate Ph1-[I3], the calculated C−C bond lengths for
Ph1-[I5] (i.e., 1.45 Å for the C−C single bonds and ca. 1.36 Å
for the CC double bonds) are indicative of only slight π
delocalization within the metallacycle.

Reductive Elimination of Benzene. Finally, the last step
in the catalytic cycle involves the reductive elimination of
benzene and subsequent ligand exchange with acetylene
(Figure 5). First, the reductive elimination of benzene from

the metallacycloheptatriene Ph1-[I5] (G° = −45.3 kcal/mol) to
form the Ni adduct Ph1-[I7] (G° = −105.3 kcal/mol) appears
to be assisted by a π interaction of the central ketone with the
Ni atom in intermediate Ph1-[I6] (G° = −48.4 kcal/mol),
which resembles the MCP intermediate Ph1-[I3]. This
concerted behavior is further borne out by a relaxed potential
energy surface scan, in which all intermediates (i.e., Ph1-[I5],
Ph1-[I6], and Ph1-[I7]) and transition states (i.e., Ph1-[TS5]
and Ph1-[TS6]) were located along the gradual shortening of
the Cα−Cα distance (section 2.3.1 and Figure S4 in the
Supporting Information).
The CO coordination step is very facile, with a ΔG° value

of −3.1 kcal/mol and an activation free energy ΔG°,⧧ of +0.8
kcal/mol. Subsequently, the reductive elimination process is
exergonic by −56.9 kcal with a transition state, Ph1-[TS6],
located at +8.2 kcal/mol on the Gibbs free energy surface
relative to Ph1-[I6]. The accessibility of the 18-VE
intermediates Ph1-[I6] and Ph1-[I7], in addition to the
relatively low activation barrier associated with both the C
O coordination (ΔG°,⧧ = +0.8 kcal/mol) and reductive
coupling (ΔG°,⧧ = +8.2 kcal/mol) steps, are likely to accelerate
the reductive elimination step with respect to the coordination

Figure 5. Reductive coupling and ligand exchange steps on the singlet
spin state surface. (top) Schematic representation of the elementary
steps, with related Gibbs free energies given in kcal/mol (values in
parentheses). (bottom) Optimized geometries (M06L-GD3/6-31g-
(d,p)) of the intermediates and the transition states during the
reductive elimination step. Hydrogen atoms (except from the
hydrocarbyl and benzene ligands) and the phenyl substituents on
the phosphorus arms have been omitted for clarity. Dotted lines in the
transition states represent bonds being formed. Bond lengths are
given in Å.
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of an additional alkyne to Ni. This binding mode is not
available with the bidentate diphosphine ether Ni complex Ph3,
which could explain the difference in chemoselectivity between
the two catalysts: namely, that more COT side products are
detected with Ph3, assuming that the formation of larger-size
rings such as COT proceeds via a mechanism similar to that of
the cyclotrimerization (i.e., alkyne association followed by
migratory insertion).16

The calculated structure of Ph1-[I7] resembles a previously
characterized analogue bearing styrene as a coligand,13 having
both the ketone moiety and benzene molecule bound in a η2

fashion. The relatively weak bond between nickel and benzene
(Ni−C = 2.12 and 2.13 Å), associated with low WBIs of 0.17
and 0.18 (vs 0.41 and 0.42 for Ni−Cac in

Ph1-[I1]), allows the
facile substrate substitution on Ph1-[I7] in a subsequent step.
Hence, the ligand exchange on Ph1-[I7] between benzene and
acetylene is spontaneous (ΔG° = −25.7 kcal/mol) and leads to
the regeneration of the mono(acetylene) resting state Ph1-[I1]
for a new turnover, with the release of the cyclotrimerization
product. π complexes of arenes with different hapticities have
been found in several reports along the reaction coordinate of
metal-catalyzed cyclotrimerization reactions of alkynes.1,14 An
early example includes the isolation of an η6-benzene−Ni(0)
complex of a monoligated di(tert-butylphosphino)methane
(dtbpm) ligand at −55 °C, from the cyclotrimerization of
acetylene, providing more concrete evidence for the relevance
of such structures to the catalytic cycle (see section 1.3 and
Scheme S3 in the Supporting Information).7d

Regioselectivity. When the acetylene substrate is replaced
by a substituted alkyne, the regioselectivity toward the
production of the 1,2,4- or 1,3,5-trisubstituted cyclotrimerized
benzene catalytic product is controlled by either the transition
state between bis(alkyne) complex Ph1-[I2] and metallacycle
Ph1-[I3] (step 2, oxidative coupling; Ph1-[TS2]) or between
Ph1-[I4] and the migratory insertion compound Ph1-[I5] (step
4, insertion; Ph1-[TS4]). If the oxidative coupling transition
state, i.e., Ph1-[TS2], favors exclusively the formation of the
2,5- or 3,4-disubstituted metallacyclopentadiene, then Ph1-
[TS4] has no influence on the regioselectivity and the 1,2,4-
substituted arene is selectively released at the end of the
reaction (section 1.2 in the Supporting Information). Hence,
using propyne as the model substrate, the arene regioselectivity
control (1,2,4 vs 1,3,5) provided by the diphosphine ketone
nickel system was addressed by transition state analysis of Ph1-
[TS2]-Me (Figure 6). The transition state connecting the
bis(propyne) species (Ph1-[I2]-Me) to the dimethylmetallacy-
clopentadiene intermediate (Ph1-[I3]-Me) exhibits a prefer-
ence for Ph1-[TS2]-2,5-Me (ΔG°,⧧ = 15.7 kcal/mol), leading
to the 2,5-dimethylnickelacyclopentadiene intermediate. The
free energy barriers related to the generation of the 3,5-(ΔG°,⧧
= 17.0 kcal/mol) and 2,4-dimethylnickelacyclopentadienes
(ΔG°,⧧ = 18.4 kcal/mol) are relatively close to the values of
Ph1-[TS2]-2,5-Me. In contrast, for the 3,4-isomer a high ΔG°,⧧
value of 34.3 kcal/mol was found. The relatively high energy of
Ph1-[TS2]-3,4-Me also translates into structural dissimilarities
with the other regioisomers. While Ph1-[TS2]-2,5-Me, Ph1-
[TS2]-3,5-Me, and Ph1-[TS2]-2,4-Me all resemble the
unsubstituted metallacyclopentadiene Ph1-[TS2], the steric
bulk imposed by the methyl substituents of Ph1-[TS2]-3,4-Me
around the forming σ C−C bond is reflected in an increased
P−Ni−P angle (164° vs 130° in Ph1-[TS2]) and longer C−C
distance (2.91 Å vs 2.01 Å in Ph1-[TS2]), as well as a

decreased interaction between Ni and the alkynes (1.99−2.98
Å vs 1.91−2.08 Å in Ph1-[TS2]). It negatively affects the Gibbs
free energy of Ph1-[TS2]-3,4-Me, which is not sufficiently
compensated by an increased π interaction with the central
CO unit (see also section 2.4 in the Supporting
Information).
The calculated transition states are qualitatively consistent

with the experimental observations. The small energy differ-
ence (1.3−2.7 kcal/mol) among Ph1-[TS2]-2,5-Me, Ph1-
[TS2]-3,5-Me, and Ph1-[TS2]-2,4-Me is in accord with the
obtained mixture of 1,2,4- and 1,3,5-substituted arenes, with
preference for the formation of the 1,2,4-substituted cyclo-
trimerization product. This selectivity pattern is more general
for metal-catalyzed cyclotrimerization of terminal alkynes: the
transition state in which the steric and electronic repulsion
imposed by the substituents on the alkyne are minimal is
commonly favored and is also closely related to the
regioselectivity model proposed by Yamazaki.17h

Comparison with the Tridentate Trisphosphine and
the Bidentate Diphosphine Ether Ligands. To shed more
light on the differences among the ketone-based ligand p‑tol1,
the pincer-type trisphosphine p‑tol2, and bidentate diphosphine
ether Ph3 complexes in the Ni-catalyzed cyclotrimerization of
terminal alkynes, these systems were also computationally
explored for specific steps. The same DFT method as used in
the previous section was used, with acetylene as the substrate
and with model catalytic systems (i.e., phenyl substituents on
phosphorus arms of the ligands, PhL2 and PhL3, respectively;
Chart 2A). For the ketone-based system, the intermediates and
transition states are calculated on the singlet spin state surface
and referenced to the mono(acetylene) resting states Ph2-[I1]
and Ph3-[I1], respectively (Chart 2B).

Tridentate Trisphosphine System. First, the cyclotrimeriza-
tion of acetylene into benzene was computationally inves-
tigated for the tris(phosphino) complex Ph2 (Figure 7; see also

Figure 6. Oxidative coupling rate- and regio-selectivity-determining
step on the singlet spin state surface, with propyne as the model
substrate. (top) Schematic representation of the elementary step.
(bottom) Optimized geometries (M06L-GD3/6-31g(d,p)) of the
transition states. Hydrogen atoms (except from the alkyne and
hydrocarbyl ligands) and the phenyl substituents on phosphorus arms
have been omitted for clarity. The dotted lines in the transition states
represent bonds being formed or broken. The bond lengths are given
in Å. Values in parentheses are Gibbs free energies in kcal/mol.
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section 2.3.2 in the Supporting Information). The mono-
(acetylene) resting state Ph2-[I1] is electronically saturated (18
VE), and decoordination of one phosphorus atom from the
ligand is needed to enable the uptake of a second molecule of
acetylene. Either the central phosphine, P1 (Figure 7, left; blue
lines), or side phosphine, P2 (Figure 7, left; red lines)
dissociates, both pathways leading to the formation of the
pentacoordinate metallacyclopentadiene Ph2-[I5], which is
exergonic by −30.6 kcal/mol. Although the decoordination
step of the side phosphine, P2, is more favorable (ΔG° = 1.0
kcal/mol vs 5.9 kcal/mol for P1) with a lower activation barrier
(ΔG°,⧧ = 3.4 kcal/mol vs 6.6 kcal/mol for P1), the calculated
energy barrier of 49.0 kcal/mol (and 66.0 kcal/mol relative to
Ph2-[I1]) for the rate-determining oxidative coupling of the
two acetylene fragments of the generated bis(acetylene) Ni
species Ph2-[I3-P2] to the metallacycle Ph2-[I4-P2] is too high
to be correlated with experimental observations. The high
energy associated in the oxidative coupling step from Ph2-[I3-
P2] to Ph2-[I4-P2] might suggest that a broader P−Ni−P bite
angle is needed to facilitate the reaction and may partially
explain the low catalytic performance of the rac-BINAP system
in alkyne cyclotrimerization.13

For the bis(acetylene) complex, in which the central
phosphine P1 is not bound to Ni (Ph2-[I3-P1]), only 10.9
kcal/mol is required to overcome the activation barrier of the
oxidative coupling step (vs 15.8 kcal/mol for the PhL1-based
system). However, because of the preceding endergonic alkyne
coordination step, the overall activation Gibbs free energy
(34.2 kcal/mol) is significantly higher. This large activation
barrier can explain the generally low activity of the
trisphosphine-based catalyst p‑tol2 in alkyne cyclotrimerization
reactions. The stronger binding character of the phosphine

ligand in comparison to the ketone moiety stabilizes the
formed pentacoordinate nickelacycle to a greater extent (i.e.,
G°(Ph2-[I5]) = −30.6 kcal/mol vs G°(Ph1-[I3]) = −17.3 kcal/
mol, relative to the mono(alkyne) nickel complex). In contrast
to Ph1-[I3], the formation of the pentacoordinate nickelacycle
Ph2-[I5] happens in a stepwise fashion, with first the oxidative
coupling (Ph2-[I3-P1] → Ph2-[I4-P1]; ΔG°= −9.1 kcal/mol,
ΔG°,⧧ = +10.9 kcal/mol), and consecutive facile recoordina-
tion of the central P atom(Ph2-[I4−P1] → Ph2-[I5]; ΔG°=
−43.8 kcal/mol, ΔG°,⧧ = +2.4 kcal/mol). The stepwise
reactivity might be responsible for structural differences in
the geometry from the oxidative coupling transition state (Ph2-
[TS3-P1]), in comparison to the related diphosphine ketone
transition state (Ph1-[TS2]), with a P−Ni−P angle of 112°
versus 130° for Ph1-[TS2]. This might influence the
regioselectivity of the process with substituted alkynes (i.e.,
ratio between 1,2,4- and 1,3,5-trisubstituted arene products).

Bidentate Diphosphine Ether Ligand. With regard to the
diphosphine ether (PhL3) Ni system, the DFT comparison
until the formation of the key nickellacyclopentadiene species
Ph3-[I3] (Figure 8) is consistent with the lower catalytic
performances of Ph3 in alkyne cyclotrimerization reactions in
comparison to the diphosphine ketone based catalyst p‑tol1. For
the acetylene association (Ph3-[I1] → Ph3-[I2]), both the
energies, ΔG°= 11.6 kcal/mol (vs 10.4 kcal/mol for Ph1-[I1])
and ΔG°,⧧ = 12.2 kcal/mol (vs 13.9 kcal/mol for Ph1-[I1]) and
the geometries (from a tricoordinated 16-VE mono(acetylene)
to a tetracoordinate 18-VE bis(acetylene) compound) are
similar to those calculated with the PhL1 analogue. However,
the rate-determining oxidative coupling step (Ph3-[I2] → Ph3-
[I3]) differs significantly. The transition state, Ph3-[TS2], lies

Figure 7. Formation of the nickelacyclopentadiene Ph2-[I5] species, supported by a tridentate tris(phosphino) ligand (PhL2), as evaluated by DFT
calculations. (left) Calculated relative Gibbs free energies (in kcal/mol; M06L-GD3/def2TZVP/SMD//M06L-GD3/6-31g(d,p), T = 298.15 K) of
the intermediates and transition states for the acetylene coordination and oxidative coupling steps, via two distinct pathways, starting from
[(PhL2)Ni(HCCH)] (Ph2-[I2]), on the singlet spin state surface. For clarity, the free acetylene molecules are not shown but have been
accounted for in the energy calculations. The values in parentheses are Gibbs free energies in kcal/mol. The dotted lines in the illustration of the
transition states represent bonds being formed or broken. (right) Optimized geometries (M06L-GD3/6-31g(d,p)) of the intermediates and the
transition state for the oxidative coupling step in the lower-energy pathway (blue lines from Gibbs free energy diagram). Hydrogen atoms (except
from the alkyne and hydrocarbyl ligands) and the phenyl substituents on the phosphorus arms have been omitted for clarity. The dotted lines in the
transition states represent bonds being formed or broken. The bond lengths are given in Å.
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at 33.3 kcal/mol on the energy surface, 7.1 kcal/mol higher
than Ph1-[TS2], with an activation energy barrier, ΔG°,⧧, of
21.7 kcal/mol, 5.9 kcal/mol greater than the 15.8 kcal/mol
needed for the ketone system. During this oxidative coupling
step, no significant modifications in the geometry of PhL3
around the metal center are observed, with a constant P−Ni−P
bite angle (from 104° in Ph3-[I2], via 104° in Ph3-[TS2], to
103° in Ph3-[I3]) and without any significant Ni−O
coordination. These results support the idea that the adaptive
behavior of the central ketone moiety of the ligand PhL1 during
the oxidative coupling elementary step contributes to the
overall reduction of the activation energy barrier of the
reaction: first by stabilizing the metallacyclopentadiene key
intermediate and second by stabilizing the transition state
through additional (partial) π interaction of CO with Ni.

■ CONCLUSIONS
The computational study presented above, together with
experimental observations,13 supports the catalytic cycle
depicted in Scheme 2 for the cyclotrimerization of terminal

alkynes catalyzed by nickel complexes of a bis(phosphino)-
benzophenone ligand (PhL1). Key aspects are highlighted here.
First, the resting state of the catalyst is a mono(alkyne)

complex in which the ligand PhL1 is bound to the metal center
in a κ2(P,P) mode. This makes the uptake of the second alkyne
equivalent easier than with the triphosphine ligand PhL2
system, lowering the overall energy barrier, which accounts for
the difference in activity between these two systems.
Next, the key metallacycle intermediate derived from PhL1 is

stabilized by an additional η2 coordination of the CO π-
acceptor unit. This reduces the associated energy barrier by 5.9
kcal/mol with respect to the bidentate ligand PhL3, explaining
the higher activity observed with PhL1. Furthermore, the
comparison of isomeric transition states derived from propyne
reveals the favored generation of the 2,5-substituted MCP
species, in agreement with the major production of the 1,2,4-
trisubstituted arene isomer observed experimentally.
Subsequently, the labile Ni−(CO) bond enables the

stepwise coordination and migratory insertion of the third
equivalent of alkyne into the MCP to form a metal-
lacycloheptatriene intermediate (steps 4 and 5). This
migratory insertion pathway differs from that calculated with
the triphosphine ligand PhL2, for which the strong central P−
Ni bond only permits an energetically demanding, stepwise [4
+ 2] cycloaddition pathway (section 2.3.2 in the Supporting
Information).
Finally, reductive coupling of the substituted arene product

(steps 6 and 7) is assisted through the π recoordination of the
ketone moiety to Ni (step 6), favoring the formation of a
nickel− benzene adduct (step 7) and possibly preventing the
coordination of a fourth molecule of alkyne, which is likely the
first step toward cyclotetrameric side products. This accounts
for the higher selectivity of PhL1 for trimers versus tetramers in
comparison to the bidentate PhL3.
All in all, the results presented in this study highlight the

specific advantages of a chelating π-acceptor ligand in nickel
catalysis. The uncovered metal−ligand cooperative mecha-
nism, in which the π-coordinating moiety adapts its binding to
the requirements of specific reactive intermediates or transition
states, is likely to be of importance for other catalytic
transformations. Accordingly, it can be envisioned that nickel
complexes of tethered π-acceptor ligands will find other
applications in catalytic processes, which is the subject of
further investigations in our laboratories.

■ EXPERIMENTAL SECTION
Computational Methods. DFT (density functional theory)

results were obtained using the Gaussian 16 software package.32

Restricted (R) and unrestricted (U) geometry optimizations used the
M06L (Minnesota 2006, local) functional33 and the 6-31g(d,p) basis
set on all atoms. The structures were optimized with added empirical
dispersion (GD3)34 and without any symmetry restraints and are
either minima or transition states, as checked by the presence of 0 or
1 imaginary frequency, respectively. Frequency analyses were
performed on all calculations at a M06L-GD3/6-31g(d,p) level of
theory, and thermochemical calculations for Gibbs free energies were
performed at a temperature of 298.15 K and a default pressure of 1
atm. Single-point (SP) calculations were performed on the optimized
geometries at the M06L/def2TZVP level of theory with the SMD
(solvation based on density) toluene solvent model and added
empirical dispersion (GD3). The Gibbs free energies of formation of
the reactants, products, and transition states were calculated from the
optimized structures by SP calculations and by adding the thermal
correction to the Gibbs free energy. The transition state analysis was
performed using either the QST3 (synchronous transit-guided quasi

Figure 8. Formation of the nickelacyclopentadiene Ph3-[I3] species,
supported by a bidentate bis(phosphino) ether ligand (PhL3), as
evaluated by DFT calculations. (top) Calculated relative Gibbs free
energies (in kcal/mol; M06L-GD3/def2TZVP/SMD//M06L-GD3/
6-31g(d,p), T = 298.15 K) for the acetylene coordination and the
oxidative coupling steps in the cyclotrimerization of acetylene into
benzene, starting from [(PhL3)Ni(HCCH)] (Ph3-[I1]), on the
singlet spin state surface. For clarity, the free acetylene molecules are
not shown but have been accounted for in energy calculations. The
values in parentheses are Gibbs free energies in kcal/mol. The dotted
lines in the illustration of the transition states represent bonds being
formed. (bottom) Optimized geometries (M06L-GD3/6-31g(d,p)) of
the intermediates and the transition state for the oxidative coupling
step. Hydrogen atoms (except for the alkyne and hydrocarbyl ligands)
and the phenyl substituents on the phosphorus arms have been
omitted for clarity. The dotted lines in Ph3-[TS2] represent bonds
being formed or broken. The bond lengths are given in Å.
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Newton number 3; opt = qst3, calcfc, noeigentest) method or the
transition state optimization (opt = ts, calcfc, noeigentest) using a
transition state guess that was located by a rigid potential energy
surface (PES) scan (opt = modredundant) on selected bond or angle
axis coordinates, connecting the reactant and the product. The
transition state was validated either by an intrinsic reaction coordinate
(IRC) scan along the imaginary vibrational frequency or by the
geometry optimization of the TS toward the reactant and product.
For NBO (natural bond orbital) calculations, the NBO6 program,35

up to the NLMO (natural localized molecular orbital) basis set, was
used at the M06L/def2TZVP level of theory from the optimized
geometries. The pictures derived from the DFT calculations have
been generated using the Jmol software.36 The ligand exchange
reaction of the benzophenone imine ligand (BPI) in the precatalyst
[(p‑tolL1)Ni(BPI)] (p‑tol1) for the diphenylacetylene coligand (Ph−
CC−Ph) was used as a model to evaluate the accuracy of the
computational method: i.e., p‑tol1 + Ph−CC−Ph ⇄ [(p‑tolL1)Ni-
(Ph−CC−Ph)] + BPI (section 2.2 in the Supporting Information).
M06L-GD3/def2TZVP//M06L-GD3/6-31g(d,p) calculation at T =
298.15 K with the SMD model predicts a ΔG° value of 2.7 kcal/mol,
which correlates closely to the experimental value of 3.1 kcal/mol13

measured by 1H NMR.
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