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We report the experimental and computational investigations of the reactions of aryl, heteroaryl, and vinyl
triflates with a model nickel(0) complex. While the reactions of most (hetero)aryl and vinyl triflates behave
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straightforwardly, the reactions of 2-pyridinyl triflates are rather different; under reaction conditions where
the organotriflates are used in vast excess there is not a simple pseudo-first order behaviour. These
DOI: 10.1039/d6cy00261g reactions are further explored using DFT calculations, which show that both three- and five-centred
oxidative addition transition states are viable, but that the experimentally-observed order of reactivity is not

rsc.li/catalysis readily reproduced by considering a simple oxidative addition pathway.
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Introduction

Organotriflates are substrates for many nickel-catalysed
reactions."® They are readily synthesised from the
corresponding alcohols or enolisable ketones, and are often
substantially more reactive than alternative alcohol derivatives.”

The reactions of a range of nickel(0) complexes with
organohalides have been studied in some depth,® but less is
known about the mechanisms of the reactions of aryl and
vinyl triflates with nickel(0). This is in contrast with
palladium, for which there are many such studies; a
discussion of all such studies would be beyond the scope of
this manuscript, but we note in particular some seminal
work by Maes and Jutand,’ and recent work by Neufeldt'®
and by Leitch'""? (vide infra).

We have previously studied the reactions of a range of aryl
(pseudo)halides with [Ni(COD)(dppf)] (1),"* which is a
convenient, thermally stable, catalytically active model
nickel(0) species (COD = 1,5-cyclooctadiene; dppf =
1,1"-bis(diphenylphosphino)ferrocene).’* We have studied
the reactions of 1 with (hetero)aryl">'>'® and alkyl'”"®
halides, and ranked a series of aryl substrates of the form
p-(F3C)CeH,X in order of their reactivity with 1."* Somewhat
surprisingly, 1 undergoes reaction with p-(F;C)C¢H,OTf (2a)
more slowly than with p-(F;C)C¢H,OTs (3a). Recently, we
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noted that the reaction of 2-pyridyl triflate (2b) with 1 forms
[Ni(k*-C,N-2-pyridyl)(dppf)][OTf] (4) in which the triflate
moiety is present as an outer-sphere counterion to a
pseudo-square planar cationic nickel(n) complex.'®

Neufeldt and colleagues have studied the reactions of aryl
sulfonates with nickel(0) in some depth."®*° They noted that
selectivity for aryl tosylate versus aryl chloride oxidative
addition could be modulated via judicious ligand selection;
nickel complexes with most widely-used phosphine ligands
preferentially activate aryl chlorides, while complexes of
trimethylphosphine show the opposite selectivity, by lowering
the energy of the five-centre oxidative addition transition
state for aryl tosylates.’

The triflate anion is often only weakly coordinating to
transition metals, which is exploited in regiocontrol during
Heck reactions. There is evidence that the triflate anion is
also weakly bound in arylnickel(u) triflate complexes on the
basis of broad *'P NMR spectra that sharpen on the addition
of bromide."

Organotriflates may well lead to reactivity that is
distinct from that of the corresponding organohalides in
nickel-catalysed cross-coupling reactions, and so here we
systematically examine the reactions of a series of aryl
and vinyl triflates with 1.

Results and discussion

Product studies

The reactions of [Ni(COD)(dppf)] (1) with phenyl triflate (2c),
cyclopent-1-en-1-yl triflate (5a), cyclohex-1-en-1-yl triflate (5b),
cyclohept-1-en-1-yl triflate (5¢), and cyclooct-1-en-1-yl triflate
(5d) lead ultimately to [Ni(OTf)(dppf)] (6) as confirmed by
EPR spectroscopic analysis (Scheme 1 and Fig. 1). The
organic fragment of the organotriflate ultimately forms the
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Scheme 1 Reactions of [Ni(COD)(dppf)] (1) with phenyl (2c), cyclopent-1-en-1-yl (5a), cyclohex-1-en-1-yl (5b), cyclohept-1-en-1-yl (5¢), and

cyclooct-1-en-1-yl triflate (5d).

corresponding homocoupling by-product as confirmed by
analysis of the reaction mixture by GC-MS. In the case
of 5a this was confirmed using an authentic sample of
this by-product which was prepared by an alternative
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Fig. 1 X-band EPR spectra of [Ni(OTf)(dppf)] (6) in THF. (a) Spectrum
at 293 K (frequency, 9.8593 GHz; power, 6.3 mW; modulation, 0.6
mT) showing giso = 2.173 and Ao = 65 x 10 cm™. (b) Spectrum at
77 K (frequency, 9.4215 GHz; power, 2.0 mW; modulation, 0.7 mT)
showing g = (2.340, 2.265, 2.035) and A = (80, 80, 30) x 10™* cm™.
Experimental spectra are in black (bottom) and simulations are shown
in red (at the top).
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route.§ The corresponding reactions between 1 and
naphthalen-1-yl triflate (2d) and 2-pyridyl triflate (2b) are
known to lead to [Ni(OTf)(1-naphthyl)(dppf)]”® (7d) and
[Ni(1>-C,N-2-pyridyl)(dppf)][OT]*® (4), respectively.

Kinetic studies

Kinetic studies of the oxidative addition step were conducted
using *'P{"H} NMR spectroscopy in a manner analogous to
our previous studies.’*'>™® A solution of [Ni(COD)(dppf)] (1)
in benzene-ds was prepared in a septum-fitted NMR tube
under an argon atmosphere. The organotriflate substrate was
added, in excess, via syringe and the reaction was monitored
at time points within the temperature-controlled cavity of the
NMR spectrometer. We elected to conduct these reactions at
a lower concentration of 1 after noting that, at 0.022 mol L™,
not fully solubilised in the presence of the
organotriflate and that the reactions were rather fast; a
concentration of 0.007 mol L' was used instead. This was
achieved by preparing stock solutions in the glovebox which
were then dispensed into NMR tubes under an argon
atmosphere before removal from the glovebox and analysis
on the spectrometer. Spectra were obtained until ca. 85%
conversion, corresponding to approximately three half-lives.
At the end of the reaction, the characteristic signal for 1 (dp =
34 ppm) had almost completely disappeared.

Data were initially processed by plotting the integral of the
signal corresponding to 1 versus time. Our previous studies
had shown that, under conditions where the substrate was
present in ten-fold excess with respect to 1, reactions follow
pseudo-first order behaviour and a plot of In(peak area)
versus time gave a straight line. However, this was not always
observed here (vide infra). We consider each class of substrate
in turn, but oxidative addition rates are summarised in
Table 1.

Phenyl triflate (2c). Consistent with previous observations
using p-(F;C)C¢H,OTf (2a), the reactions of phenyl triflate
(2¢) showed good first order behaviour; ks was determined
to be 2.91(5) x 10™* s7" at 323 K based on two replicates
(Fig. 2). This was compared to chlorobenzene (8) and phenyl
tosylate (9) under the same conditions, revealing reactivity
that decreases in the order PhOTf (ke = 1.9) > PhCl (ke =
1.0) > PhOTSs (k. = 0.9). This is slightly different from the
order of reactivity established with the

1 was

§ Please see the SI for further information.

This journal is © The Royal Society of Chemistry 2026
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Table 1 Summary of outcomes from kinetic studies of the reactions of [Ni(COD)(dppf)] (1) with organotriflate, organotosylate, and organohalide

substrates”
Replicate 1 Replicate 2 Mean

Substrate T (K) Kobs (571 ti (s) kobs (571 ti (8) kobs (571 tiys (s)
Phenyl triflate 2¢ 323 2.95x 107" 2350 2.86x 107" 2424 2.91(5) x 107* 2382
Chlorobenzene 8 323 1.51 x 107 4587 1.49 x 107 4652 1.50(1) x 107 4621
Phenyl tosylate 9 323 1.30 x 107 5325 133 x 107 5222 1.31(2) x 107 5274
2-Pyridinyl triflate” 2b 293 n.d. 2100 n.d. 2100 n.d. 2100
3-Pyridinyl triflate 2d 293 3.73x 107 185 3.82x 107 182 3.78(5) x 107° 183
Cyclopent-1-en-1-yl triflate 5a 323 6.06 x 10~ 1144 6.10 x 107" 1136 6.08(2) x 107" 1140
Cyclohex-1-en-1-yl triflate 5b 333 6.94 x 107 999 6.86 x 107" 1010 6.90(4) x 107* 1005
Cyclohept-1-en-1-yl triflate 5¢ 323 7.59 x 107 913 8.04 x 107" 862 7.8(2) x 107 889
Cyclooct-1-en-1-yl triflate 5d 323 5.46 x 107" 1270 5.65x 107" 1227 5.6(1) x 107* 1249

“ Unless otherwise stated, half-lives are obtained from the corresponding pseudo-first order rate constant (t;,, = In(2)/kops). ” Half-life estimated
from a plot of integral versus time; the reaction does not exhibit well-behaved (pseudo-)first order kinetic behaviour.

para-trifluoromethylphenyl analogues. In our earlier study,
compared to the aryl chloride, the relative rates of reaction
were 0.15 and 0.35 for the triflate and the tosylate,
respectively.”® In this 2017 study we noted a rather odd
two-phase Hammett plot which suggested that both
electron-rich and electron-poor substrates react more
slowly than the parent phenyl substrate; the region of the
plot between ¢, = 0 and o, = 0.45 was not explored fully
due to a discovery that aldehydes and ketones were
privileged in this reaction."®*' A fuller exploration of this
behaviour will form the subject of a subsequent study.
Pyridinyl triflates (2b, 2d). We successfully prepared§
2-pyridinyl triflate (2b) and 3-pyridinyl triflate (2d) but were
unable to obtain a sufficiently pure sample of 4-pyridinyl
triflate (2e). These reactions behave somewhat differently to
those of aryl triflates, but there is substantial precedent for
different behaviours and mechanisms for the oxidative
addition of heteroaryl vs. aryl (pseudo)halides to low valent
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Fig. 2 In[1] versus time for the reactions of phenyl triflate (2c) (0.14
mol L) with [Ni(COD)(dppf)l (1) (0.007 mol LY at 323 K in
benzene-ds. Each replicate is shown as a separate plot.
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transition metals. For example, Jutand has established that
pyridinyl halides and aryl halides behave rather differently in
oxidative addition reactions with palladium(0), with the
former undergoing an SyAr-type mechanism and the latter a
concerted mechanism.’ Leitch has developed a quantitative
structure-activity model that predicts barriers and preferred
mechanisms for a large number of (hetero)aryl halides and
(hetero)aryl triflates."™'> In Leitch's recent study, 2-pyridyl
triflate was found to have an anomalous oxidative addition
transition state in which there was a very long Pd--'N
distance; this lacked an interaction between palladium and
the triflate fragment, consistent with a displacement
mechanism.” Neufeldt has noted the proclivity of triflate
substrates for displacement-type transition states on the
basis of the stability of the triflate anion and ineffective
coordination of the oxygen atoms in triflate to palladium."
We have previously shown that 2-pyridinyl substrates can
lead to the sequestration of nickel catalysts."®

The reaction of 2-pyridinyl triflate (2b) with 1 has a half-
life (1/,) of ca. 2100 s at 293 K and occurs approximately one
order of magnitude more quickly than the reaction of phenyl
triflate (2¢) (¢, = 2400 s at 323 K). However, the reaction of
2b does not follow expected pseudo-first order behaviour.
Instead, the profile of 1 versus time appears to show a short
induction period followed by approximately zero order
behaviour (Fig. 3(a)). The reactions of 3-pyridinyl triflate (2d)
are substantially faster and show somewhat less of a
deviation from the expected pseudo-first order behaviour; the
half-life of this reaction is somewhat surprisingly only ca. 180
s at a temperature of 293 K.

Further work was carried out wusing visual time
normalisation  analysis (VINA).>*>  Additional kinetic
experiments were carried out with [1], = 0.0035 mol L™ and
[2b], = 0.14 mol L™, and with [1], = 0.007 mol L™ and [2b], =
0.07 mol L™ and 0.035 mol L. All of these reactions gave
profiles of [1] versus time that were of a similar shape (see
the SI). The application of a VINA treatment gave the rate

eqn (1).

Rate = [1]>°[2b]** (1)

Catal. Sci. Technol.
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Fig. 3 (a) In[1] versus time and (b) normalised integral for 1 versus time
for the reactions of 2-pyridinyl triflate (2b). (c) In[1] versus time for the
reactions of 3-pyridinyl triflate (2d). In each case, 0.14 mol L™ of the
substrate was exposed to [Ni(COD)(dppf)l (1) (0.007 mol L™) at 293 K
in benzene-dg. Data for two independent reactions are shown (red
diamonds/blue circles).

The ability of this treatment to account for all species that
influence the rate of the reaction was tested by plotting the
estimated concentration of [Ni(OTf)(dppf)] (6) at each time
point versus the adjusted time for that point. The
concentration of 6 was estimated as the difference between
the initial concentration of 1 and the concentration of 1 at
that time point (i.e. eqn (2)).
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[6] ~ [1]o — [1]er (2)

However, the resulting plot once these orders are accounted
for does not give a straight line, and therefore there must
be another species or process that is influencing the rate of
the reaction, for which the effect is time dependent
(Fig. 4). At this stage we do not know what this species
might be.

Vinyl triflates (5a-d). Intrigued by the possible role of
alkene coordination in the rate and selectivity of nickel-
catalysed reactions,"*'> four vinyl triflate substrates were
prepared§ from the corresponding cycloalkenones.” The
oxidative addition reactions were studied using the same
kinetic methodology. The reactions showed acceptable and
reproducible pseudo-first order behaviour, albeit with slight
curvature in plots of In[1] versus time, with the most
pronounced curvature for the reactions with cyclohex-1-en-1-
yl triflate (5b) (Fig. 5).

To gain further information on the coordination of
alkenes to 1, we measured equilibrium constants for the
displacement of COD by cyclopentene, cyclohexene,
cycloheptene, and cyclooctene (Scheme 2). These were
obtained by *"P{"H} NMR spectroscopic analysis of benzene-
de solutions of 1 and each cycloalkene. These equilibrium
constants were rather small, as might be expected for the
displacement of a bidentate dialkene ligand with a
monodentate cycloalkene; K., decreases in the order
cyclopentene > cyclooctene = cycloheptene > cyclohexene.
While substrates 5a-d have additional steric bulk around the
alkene, the reticence of cyclohexene in coordinating to 1 may
explain - at least in part - the low reactivity of 5b compared
to 5a, 5¢, and 5d.
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Fig. 4 A VTNA treatment of the reactions of 2b with 1, where rate =
k[11°°[2b]°3, using [1]lo - [1l¢r as an estimate of the concentration of
[Ni(OTf)(dppf)l (6). Conditions: 0.007 mol L™ 1, 0.14 mol L™ 2b (red
squares); 0.0035 mol L™ 1, 0.14 mol L™* 2b (purple circles); 0.007 mol
L1, 0.07 mol L™ 2b (blue triangles); 0.007 mol L™* 1, 0.035 mol L™* 2b
(orange diamonds). All reactions were conducted at 293 K.
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Fig. 5 In[1] versus time for the reactions of: cyclopent-1-en-1-yl

triflate (5a) at 323 K (blue pentagons); cyclohex-1-en-1-yl triflate (S5b)
at 333 K (red hexagons); cyclohept-1-en-1-yl triflate (5¢) at 323 K (cyan
triangles); and cyclooct-1-en-1-yl triflate (5d) at 323 K (orange
diamonds). Conditions: substrate (0.14 mol L™} and [Ni(COD)(dppf)l (1)
(0.007 mol L™ in benzene-ds at the indicated temperature. Open and
shaded plots refer to replicates of reactions under the same
conditions.
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Scheme 2 Measurement of K., for the displacement of COD from
[Ni(COD)(dppf)] (1) by cyclopentene, cyclohexene, cycloheptene, and
cyclooctene.

Computational studies

To support our experimental work, a series of
computational  studies were carried out at the
©B97M-V/ma-Def2-QZVP/SMD(benzene)//r’SCAN-3¢  level of
theory>>?® using ORCA 6.7 full details regarding

methodology can be found in the SI.§ Dispersion is handled
for r’SCAN-3c via an integrated empirical D4 treatment,>®
while ®B97M-V treats dispersion using the VV10 non-local
correlation.”?

Geometry optimisations were carried out without a solvent
model, but solvent effects were included in single point
calculations using the SMD model*® (for benzene solvent).
Attempts to optimise structures with a solvent model led to
difficulty converging structures with the correct number of
imaginary frequencies, and some Sy-type transition states
could not be located at all, even with careful scanning of
changes to (e.g.) key bond distances.

This journal is © The Royal Society of Chemistry 2026
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Selected structures were examined at the wB97M-V/ma
Def2-QZVP/SMD(benzene)//oB97M-V/ma-Def2-SVP  level of
theory for comparison, but structures and energies were very
similar (within 1 kcal mol™).

A brief benchmarking study was carried out, as described
in the SI, to evaluate a number of levels of theory for the
single point calculations. or’SCAN-D4 and ®B97M-V showed
the best performance, with the latter selected due to its use
of a non-local correlation method for the treatment of
dispersion and the fact that is accepted to be a well-tested
and robust functional.

All quoted energies are free energies, in kcal mol™, with
respect to [Ni(COD)(dppf)] (1). While it is common practice to
apply a correction®® of +1.89 kcal mol™" to each species to
reflect a change from a 1 atm standard state to 1 mol L™, the
key steps here - namely ligand exchange and oxidative
addition - do not involve changes in molecularity and so this
correction was not applied during this work. While substrates
were present in excess with respect to 1 (20 equiv.), which
can in principle be corrected for, this was consistent across
substrates and so a systematic correction will not change the
relative barriers for reaction, for example.

Our outline workflow was as follows. DFT calculations
were used to obtain an initial structure. CREST (using
XTB)*"** was used to generate a library of conformers for
each structure in turn. This often required the use of
constraints: key atoms were fixed in the case of transition
states, while in many cases the Cartesian coordinates of the
nickel and iron atoms required to be fixed to avoid
structures in which the ferrocene became distorted to
facilitate an iron-nickel interaction. The electronic energy of
each conformer was evaluated using DFT calculations, and
those within a 2 kcal mol™ window were selected for a
geometry optimisation/frequency calculation to select the
lowest energy conformer. The geometry optimisations
were carried out at the r’SCAN-3c level of theory - this
composite functional includes a finely tuned triple-C
basis set and ECPs - and single point calculations at
®B97M-V/ma-Def2-QVP/SMD(benzene) further refined the
electronic energies.

Cycloalkene binding. Initial calculations sought to
reproduce experimental data for cycloalkene binding
to nickel; the lowest energy conformations of

[Ni(n>-cyclopentene)(dppf)] (10a), [Ni(n>-cyclohexene)(dppf)]

(10b), [Ni(n>*cycloheptene)(dppf)] (10c), and [Ni(n>
cyclooctene)(dppf)] (10d) were identified and AG° was
calculated for exchange of COD for the respective

cycloalkene; Table 2 lists these data, as well as AH° for
comparison. These calculated free energy changes show close
agreement with the experimentally measured values, being
within 1 kcal mol™ for cyclopentene, cycloheptene, and
cyclooctene. Cyclohexene binding is considerably less
favourable, consistent with our inability to measure this
equilibrium constant experimentally. The free energy
differences can be attributed largely to the enthalpy change
of this exchange.
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Table 2 Calculated AH° and AG® for displacement of COD from [Ni(COD)(dppf)] (1) by cycloalkenes, and experimental AGe obtained from 'P{*H} NMR

spectroscopic analysis of mixtures of 1 and the corresponding cycloalkene

Experiment Calculation
Cycloalkene Keq AG® (keal mol™) AH® (keal mol™) AG® (keal mol™) Keq
Cyclopentene 2.5 %1072 2.2 4.9 2.6 1.4 x 1072
Cyclohexene <51x107" >4.5 8.5 6.0 4.0%x107°
Cycloheptene 5.8x107° 3.0 5.2 3.1 53x107°
Cyclooctene 1.1x1072 2.7 3.9 1.9 4.2 x107

Reaction profiles. The free energy profiles for the reactions
of phenyl triflate (2¢), 2- and 3-pyridinyl triflate (2b, 2d), and
the set of cycloalk-1-en-1-yl triflates (5a-d) were evaluated at
©B97M-V/ma-Def2-QZVP/SMD(benzene)//r*SCAN-3c. These
profiles are presented in Fig. 6 and 7. CYLVIEW was used to
prepare images of transition states.

Phenyl triflate (2c) is considered first, to provide
something of a baseline (Fig. 6(a)). The formation of a
productive n’*complex - ie coordination of nickel to
the ipso- and ortho-positions - is somewhat endergonic
(e2-PhOTf, G, = 11.3 kecal mol™); coordination of nickel
to the arene in other positions is less favourable (G =
12.1-15.1 keal mol™').§ Oxidative addition then takes
place via either an Sy-type transition state (TSsy-PhOTE,
AG* = 14.4 kecal mol™) or five-centred transition state
(TS5-PhOTf, AG* = 15.6 kcal mol™). While the former
appears to be slightly more favourable, we note that
AAG* is of the same order of magnitude as the
expected error in DFT calculations; we are wary of
drawing conclusions based on free energy differences of
<2 keal mol™ and would certainly avoid doing so for
free energy differences of <1 kcal mol™. The ultimate
product is then [Ni(Ph)(OTf)(dppf)] (Ni(u)sp-PhOTf), which
is formed irreversibly (G = —21.3 kcal mol™).

The profile for the oxidative addition of 2-pyridinyl triflate
(2b) are somewhat similar, albeit with more favourable
coordination and lower oxidative addition barriers (Fig. 6(b)).
Twelve regioisomers of the corresponding n*-complexes were
considered, of which four (per substrate) involve coordination
to the carbon atom to which the triflate is attached. The
lowest energy isomer is where n>-coordination takes place at
the 3- and 4-positions (e2b-2PyOTf, G, = 7.6 kcal mol™),
and rearrangement to coordination at the 1- and 2-positions
(e2a-2PyOTf, Gy 8.5 kcal mol™) sets the scene for
oxidative addition. There is a clear preference for Sy-type
oxidative addition (TSgy-2PyOTf, AG* = 6.7 keal mol™ ¢f 8.9
kcal mol™ for TS;-2PyOTf).y This forms a square-based
pyramidal [Ni(2-py)(OTf)(dppf)] complex (Ni(i)sy,-2PyOTHf,
Grel = —23.0 kecal mol™), which is slightly lower in energy
than the expected square-planar species (Ni(u)s,-2PyOTf, G|

9 The slightly lower energy of the oxidative addition transition state compared to
that of the preceding n*-complex may be an artefact of the inclusion of solvent
effects using a single point calculation; geometry optimisation was carried out
without a solvent model. The structure of this n*complex was obtained by
following the IRC from the transition state.

Catal. Sci. Technol.

= -21.0 kecal mol™"). The Ni-O bond is substantially longer
in the former than the latter (2.31 A versus 1.95 A,
respectively), consistent with the earlier reported
observation that oxidative addition of 2b to 1 affords
[Ni(2-py)(dppf)][OTf] in which the triflate moiety is an
outer-sphere anion in the solid state.’® The Ni-O distance
is less than the sum of the van der Waals radii for nickel
(2.40 A) and oxygen (1.50 A) reported by Alvarez.** The
coordination of one or two molecules of 2b to the
[Ni(dppf)] fragment, via the electron lone pair(s) on the
nitrogen atom(s), gave complexes that were higher in
energy than the m’*complexes (>20 kecal mol™") which are
therefore unlikely to be relevant to the oxidative addition
mechanism.

For 3-pyridinyl triflate, the situation is slightly different.
The lowest energy n*-complex features nickel coordinated to
the 2- and 3-positions (e2¢-3PyOTf, G = 8.9 kcal mol™); the
lowest energy pathway for five-centred oxidative addition
proceeds via this structure and a subsequent transition state
(TS5.-3PyOTf, AG* = 15.8 kcal mol™®) to an undistorted
square-planar [Ni(3-py)(OTf)(dppf)] complex (Ni(u)sp-3PyOTf,
Grel = —24.1 kcal mol’l). However, Sy-type oxidative
addition offers a lower energy pathway, proceeding
through an n*complex with coordination at positions 3- and
4- (e2a-3PyOTf, G, = 9.4 keal mol’l] and a transition state at
14.3 kcal mol™ (TSgn-3PyOTf), again giving an undistorted
square-planar nickel(u) product. It therefore appears that
3-pyridinyl triflate behaves somewhat similarly to phenyl
triflate, while the reaction of 2-pyridinyl triflate benefits from
a substantial rate increase and leads to a rather different
nickel(u) product.

The reactions of the cycloalk-1-en-1-yl triflates differ from
those of the hetero(aryl) triflates in that the initial n*-complex
is favourable or close to energetically neutral. The
coordination of the alkenyl triflate to nickel is, in each case,
more favourable than the coordination of the corresponding
cycloalkene (by 4.2-5.6 kcal mol™), despite the larger steric
impact of the triflate substrates that feature trisubstituted
rather than cis-disubstituted alkenes. This may result from
the electron-withdrawing effect of the triflate functional
group; AAG° for cycloalkene versus substrate binding is
somewhat uniform across the four substrates which would
support this. Barriers to oxidative addition are substantially
lower as a result.

For cyclopent-1-en-1-yl triflate (5a) the reaction proceeds
via favourable exchange of COD (to give €2-50Tf, G, = —3.0

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Free energy profiles for the reactions of (a) phenyl triflate (2c), (b) 2-pyridinyl triflate (2b), and (c) 3-pyridinyl triflate (2d) with [Ni(COD)
(dppf)] (1). All energies are free energies in kcal mol™ at the ®B97M-V/ma-Def2-QZVP/SMD(benzene)//r’SCAN-3c level of theory, with respect to 1

plus the appropriate substrate 2.

keal mol™) and an Sy-type transition state (TSgn-50Tf, AG* =
9.3 keal mol™), yielding [Ni(CsH,)(dppf)][OTf] in which the
triflate ion is, at best, very loosely bound to the nickel
complex (Ni()ys-50Tf, Gy = —2.3 kcal mol™); the Ni-O
distance of 3.60 A is very close to the sum of van der Waals

This journal is © The Royal Society of Chemistry 2026

radii for these two elements.*® Ni(i)os-50Tf can rearrange to
give the expected [Ni(CsH,)(OTf)(dppf)] product (Ni(n)s,-50Tf,
Grel = —20.1 kcal mol_l). The alternative five-centre
transition state is a little higher in energy (TSs.-50Tf,
AG* = 10.8 kecal mol™). The possible binding of two
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Fig. 7 Free energy profiles for the reactions of (a) cyclopent-1-en-1-yl triflate (5a), (b) cyclohex-1-en-1-yl triflate (5b), (c) cyclohept-1-en-1-yl
triflate (5c), and (d) cyclooct-1-en-1-yl triflate (5d) with [Ni(COD)(dppf)] (1). All energies are free energies in kcal mol™ at the ®B97M-V/ma-Def2-
QZVP/SMD(benzene)//r>SCAN-3c level of theory, with respect to 1 plus the appropriate substrate 5.

molecules of 5a to the dppf-nickel(0) fragment was
investigated, but this was found to be energetically
unfeasible (>30 kcal mol™" with respect to 1 plus two

molecules of 5a).

Catal. Sci. Technol.

The reaction of cyclohex-1-en-1-yl triflate (5b) can proceed
via intermediates in which the cyclohexene ring adopts a boat
or a chair conformation; reactions via chair conformations
present the lowest energy pathways.§ The coordination of 5b

This journal is © The Royal Society of Chemistry 2026
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is slightly endergonic (€2-60Tf pair, Gre1 = 0.9 keal mol™), and
is followed by an Sy-type transition state (TSsn-60Tfchair, AG*
= 3.3 kecal mol™) that leads to a distorted square-based
pyramidal [Ni(CsHo)(OTf)(dppf)] complex (Ni(1)spp-60Tchair,
Gre1 = —5.3 keal mol %) with a clear Ni-O bond (2.19 A) in the
apical position. This can rearrange to the expected square
planar species (Ni(n),-60Tfchair, ~18.6 kcal mol™). The
alternative five-centred transition state is substantially higher
in energy and therefore uncompetitive (TS5c-60Tfchair, AG* =
9.4 kecal mol™"). The very low barrier to SN-type oxidative
addition here somewhat surprising, given the
experimental data showing that this substrate is rather
reticent in oxidative addition to nickel(0).

In the case of cyclohept-1-en-1-yl triflate (5¢) the most
favourable pathways again involve chair rather than boat
conformations of the cycloheptene ring.§ A moderately
favourable exchange of COD for 5¢ (e2-70Tfchair, Grel = —1.3
kcal mol™) is followed by a five-centered oxidative addition
transition state (TS5e-7OTfenar, AGF = 6.1 kcal mol™?),
leading to a distorted square planar [Ni(C,Hy;)(OTf)(dppf)]
complex (Ni(1)pp1-70Tfcpair, Grer = —8.8 keal mol ™) that can
then rearrange to give the expected square planar [Ni(C,H;,)
(OTf)(dppf)] product (Ni(u)sp-7OTfchair, ~15.6 keal mol™). The
Sn-type transition state is less favourable (TSsn-7O0Tfchair
AG* = 8.0 keal mol™).

Finally, four possible conformations for cyclooct-1-en-1-yl
triflate were considered, and the corresponding Sy-type and
five-centred oxidative addition pathways were modelled.
Conformational screening was facilitated by the use of xTB
and CREST*'**3* and literature regarding the conformational
analysis of cyclooctene;*® Neuenschwander and Hermans
have identified four conformations of cyclooctene which
they have labelled A-D, and the same nomenclature is
adopted here.*® Only the cis-cyclooctene was considered,
as trans-cyclooctenes are substantially more strained.*® The
n>-complex with conformation D is the lowest in energy
(e2-80Tfp, Gy = -2.3 kecal mol™) but the lowest energy
pathway occurs via conformation A (e2-80Tf,, G = —2.0
kcal mol™). Sy-type and five-centered mechanisms are very
close in energy, with barriers that differ by only 0.1 kcal
mol™ (AG* = 2.8 and 2.9 kcal mol™?, respectively, for
TSsn-80Tf, and TS;.-80Tf,). In either case, a distorted

was

square-based  pyramidal  nickel(n) complex  results
(Ni(n)spp-80Tfs, Grei = —8.7 keal mol ™). The energies of
square planar nickel(n) complexes with cyclooctene

fragments in conformations A, B, C, and D are rather
close, at -14.0, -15.3, -12.7, and -13.6 kcal mol?,
respectively (Ni(i)s,-80Tfx).

Overall, these substrates can be considered in three
groups. [1] Phenyl triflate (2¢) and 3-pyridinyl triflate (2d)
appear to have the highest barriers to oxidative addition,
which largely appears to be a result of the need to displace
COD from [Ni(COD)(dppf)] (1) with substrates that are poorer
ligands. This will be more of a challenge for catalyst systems
that involve COD or other strongly-binding ligands, but less
of an issue for catalyst systems where no such competing

This journal is © The Royal Society of Chemistry 2026
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ligands are present. These substrates have a modest
preference for Sy-type oxidative addition rather than a
five-centred transition state. [2] 2-Pyridinyl triflate (2b) has
a much lower barrier to oxidative addition, which can be
partly — but not fully - attributed to the much more
favourable coordination of the substrate to nickel(0). This
substrate has a strong preference for Sy-type oxidative
addition. [3] The cycloalk-1-en-1-yl triflate substrates
coordinate readily to nickel(0) - to different extents,
depending on ring size and conformation - and undergo
oxidative addition with much lower barriers. It is possible
then that the oxidative addition rate might rely, at least
to some extent, on the rate at which ligand exchange
occurs at nickel(0). The preferred mechanism for oxidative
addition varies depending on the substrate.

Catalytic cross-coupling reactions

A representative set of aryl and vinyl triflates was deployed in
Kumada-Tamao—-Corriu cross-coupling reactions to confirm
that 1 is competent for the cross-coupling reactions of these
substrates (Scheme 3). These conditions are unoptimised,
but were previously deployed for the cross-coupling of alkyl
halides with aryl Grignard reagents, and use only 1.1
equivalents of the latter."”'® Reaction yields were quantified
versus an internal standard by GC-FID analysis which was
calibrated using authentic samples of each product; a
substituted aryl triflate (2a) was used rather than phenyl
triflate (2¢) in order to distinguish between cross- and
homo-coupling processes. The reactions proceeded in
moderate to excellent yields, confirming the competence of
this catalyst system. There is not a correlation between
oxidative addition rate and reaction yield, but these are
single point yield measurements from catalytic reactions
carried out at a higher temperature and for a longer time

5 mol% [Ni(COD)(dppf)]
oTf 1.1 equiv. PhMgCl

THF (0.25 mol L)
85°C,24 h

/@/Ph Ph Ph
g o

90(3)% conv. 95% conv. 100% conv.
79(1)% yield 50(2)% vyield 85(1)% yield

Q/ ) O/Ph
100% conv. 100% conv.

87(5)% yield 96% yield

Scheme 3 Nickel-catalysed cross-coupling reactions of aryl and
alk-1-en-1-yl triflates. Reactions were assayed by calibrated GC-FID
analysis.
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_ 52(3)%
oTf THF Ph
85°C, 24 h
49(3)%

Scheme 4 Competitive cross-coupling experiment to probe any
correlation between oxidative addition rate and selectivity. Reactions
were assayed by calibrated GC-FID analysis.

period than the oxidative addition studies. The rather low
yield of 1-phenyl-cyclopentene is an outlier, and the fate of
the missing 45% of the substrate is unclear at this stage;
this may be due to formation of cyclopentene, which is
sufficiently volatile to be lost in the solvent front during
GC-FID analysis.

Finally, we wished to identify whether the more favourable
coordination of alkenyl triflates to nickel(0) (compared to aryl
triflates) might allow a selective cross-coupling reaction to be
achieved. Reactions were carried out in which one
equivalent of each of 4-(trifluoromethyl)phenyl triflate (2a)
and cyclooct-1-en-1-yl triflate (5d) were exposed to 1.1
equivalents of phenylmagnesium chloride and 5 mol% of
[Ni(COD)(dppf)]; these reactions were  surprisingly
unselective, and produced the corresponding products in
approximately equal yield (Scheme 4). This may have several
explanations, for example: (i) oxidative addition is
reversible, which has been suggested in other studies®” but
seems inconsistent with the free energies of reaction
calculated here for oxidative addition; or (ii) the rate of
oxidative addition might be dependent on the rate of the
initial ligand exchange.

Conclusions

This manuscript presents a detailed study of the reactions
of (hetero)aryl and cycloalk-1-en-1-yl triflates with the model
complex [Ni(COD)(dppf)] (1). It is found that the relative
rates of oxidative addition follow the approximate trend
3-pyridinyl > cyclohept-1-en-1-yl = cyclopent-1-en-1-yl =~
cyclooct-1-en-1-yl > cyclohex-1-en-1-yl > 2-pyridinyl >
phenyl. However, the kinetic behaviour of some substrates
does not follow the expected pseudo-first order behaviour,
and a VINA treatment suggests that additional factors lead
to an increase in rate over the course of the oxidative
addition experiment.

Computational studies using DFT calculations show a
modest preference in most cases for SN-type oxidative
addition transition states, with a five-centred transition state
being preferred for cyclohept-1-en-1-yl triflate (5c). These do
not reproduce experimental data well, despite extensive
attempts to systematically and fully explore the relevant
conformational space; the lower barrier for oxidative addition
of 2-pyridinyl triflate (2b) versus phenyl triflate (2¢) is
consistent with experimental results, but the free energy

Catal. Sci. Technol.
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profile for 3-pyridyl triflate (2d) is at odds with the
experimental observation that this reaction is very fast.
Similarly, the trend for cycloalk-1-en-1-yl triflate reactivity is
not reproduced in silico. DFT calculations would predict
barriers decreasing in the order cyclopent-1-en-1-yl triflate
(5a) > cyclohept-1-en-1-yl triflate (5¢) > cyclooct-1-en-1-yl
triflate (5d) > cyclohex-1-en-1-yl triflate (5b). The deviation
from pseudo-first order behaviour for the experimental data
for 5b suggests that these reactions also have additional
complexity that we do not yet understand.

The results of the competition experiment in Scheme 4
were a little surprising, given the much more favourable
coordination of cycloalk-1-en-1-yl triflates versus phenyl
triflate, and the lower overall barriers to oxidative
addition that were calculated. This suggests that
displacement of the COD from nickel by the substrate is
slow under the reaction conditions, that the oxidative
addition step is not selectivity-determining, that the
oxidative addition step is reversible, or some combination
of these explanations.

There are several possible explanations for this disconnect
between experiment and theory; the exploration of these lie
outside the scope of the present work.

e The speciation of the active nickel(0) complex may be
different; we have shown that alkyl halides, for example, react
with [Ni(k*-dppf)(x'-dppf)] (10), even when apparently pure
samples of [Ni(COD)(dppf)] (1) are used."” We do not suspect
that 10 is competent for oxidative addition in this system:
the steric demand of oxidative addition is considerably larger
than that for single electron processes such as halogen
abstraction®®?? or single electron transfer.***!

e Single electron processes may be at play: the reduction
potentials of aryl triflates are substantially lower than those
of the corresponding aryl halides.**

e While we have probed the equilibria involved in ligand
exchange at 1, it is possible that the rates of ligand exchange
have an influence. This is very challenging to model
accurately using DFT calculations. Luo et al. have recently
shown that electron-poor vinyl fluoride substrates can be
activated in preference to less electron-poor vinyl chlorides
(inter alia), which is proposed to be due to the rate of ligand
exchange at nickel(0).**

Further work is underway in our laboratory to understand
the reactivity of organotriflates and other organo(pseudo)
halides with nickel(0) in further detail.
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