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ABSTRACT: The binding of an alkene by Ni(tfd), [tfd =
$,C,(CF;),] is one of the most intriguing ligand-based
reactions. In the presence of the anionic, reduced metal
complex, the primary product is an interligand adduct,
while in the absence of the anion, dihydrodithiins and
metal complex decomposition products are preferred. New
kinetic (global analysis) and computational (DFT) data
explain the crucial role of the anion in suppressing
decomposition and catalyzing the formation of the
interligand product through a dimetallic complex that
appears to catalyze alkene addition across the Ni—S bond,
leading to a lower barrier for the interligand adduct.

N onconventional (ligand-based) reactions of sulfur-con-
taining metal complexes with alkenes have attracted
significant attention' > ever since the early studies on the
reactions of metal bis(dithiolene) complexes with strained and
cyclic alkenes in the 1960s.° A 2001 paper on binding of simple
alkenes such as ethylene to Ni(tfd), (1) [tfd = S,C,(CF;),], for
potential use as a separation method for petroleum feedstocks,
created substantial excitement.' However, a key step in the
separation, namely, the formation of stable adducts, is difficult;
a recent study showed that metal complex decomposition (to
give MD) occurs for both ethylene and 1-hexene (via 3 and 3/,
respectively; Scheme 1).* The same study showed that the
presence of the reduced metal complex 17 changes the product
selectivity in favor of the stable adducts 2 and 2, respectively
(Scheme 1). The mechanism, in particular regarding the role of
the anion, remained speculative. A previous theoretical study on
neutral systems predicted that the formation of the cis
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interligand adduct could potentially circumvent the symmetry
constraints via a two-step process in which a twisted
(pseudotetrahedral) adduct forms and then isomerizes to the
more thermodynamically stable square-planar product.” How-
ever, the role of the anion was not known or considered at that
time and has not yet received either quantum-chemical study or
detailed kinetic analysis. In this work, the reaction mechanism
was investigated using a combination of kinetics and
computations.

To study the binding of 1-hexene (hex) to 1 in CDCl; at
room temperature, 24 time traces® were obtained and
simultaneously fit to various models (global analysis) using
the DynaFit program.” The model that fit best was catalysis of
2’ formation by 17 in a “parallel reactions” model [Scheme 2;
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the other models are described in the Supporting Information
(SD]. In this model, if enough 17 is available, formation of 2’
can become competitive with formation of 3" The best-fit
parameters for this model (k,—k, and K.,) were globally
optimized using all of the available data points. Figure 1 shows
the experimental data points and the fit, with the numerical
results given in the legend. The average absolute deviation
between the fitted curves and raw data was on the order of
10%, which is reasonable for concentrations that were obtained
from manual integration of NMR intensities.'’

Another mechanism that was investigated was an “isomer-
ization model” in which 3’ (cf. Scheme 1) is a common
intermediate that would decompose in the absence of 17 or
isomerize to form 2’ in the presence of 17. Both basic three-
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Figure 1. Global simultaneous fit (curves shown) of the model shown in Scheme 2 to the set of 24 time traces for 1 (squares), DHD' (triangles), and
2’ (diamonds) obtained using varying initial concentrations [17], and [hex], (hex = 1-hexene) at 298 K in CDCl,. [1], was always between 13.2 and
14.0 mM (exact values are given in the SI). When [17], was varied (data points in color), [hex], was 140 mM. For [17], = 0, a value of 1 X 107°
mM was used as input (instead of exactly zero) to avoid a “division by zero” error. When [hex], was varied (data points in shades of gray), [17], was
0.25 mM. Fitted values of the parameters: k;, 1.3(7) X 107> mM™ s7% k,, 5(4) X 1072 s7% K, 5(2) X 107% k;, 9.5(8) x 107° s7%; k,, 1.91(8) X

107 mM2 s7L

parameter and more sophisticated five-parameter isomerization
models provided fits that were far inferior to that for the
“parallel reactions” model (the reaction schemes and data
fitting are shown in the SI). The “parallel reactions” model
(Scheme 2, Figure 1) is thus strongly favored. Aspects of this
model are easily judged to be realistic. It requires the
intraligand addition step to be reversible (second-order k,
first-order k,), which has been observed for a related
molybdenum tris(dithiolene) complex.’> More distantly related
adducts to P,S-ligands show extremely rapid reversibility.” In
addition, oxidation of the intraligand adduct 3’ to form a
cationic species (K,,) is reasonable, as 3’ contains a true ene-
1,2-dithiolate, which should make it easy to oxidize. While no
sulfur-based species that is very similar to 3’ can be obtained as
a stable species, related nitrogen-chelated compounds (N*N)-
Ni(S,C,(CF;),) are known and undergo oxidation at potentials
close to the redox potential for 1/17."" In regard to the final
electron-transfer step, polymeric/oligomeric metal decomposi-
tion products were observed by NMR spectroscopy, and in the
model the simplifying assumption was made that MD* is
rapidly and completely reduced by 1~ to regenerate 1. We note
that incomplete reduction under some conditions would be an
excellent explanation for Geiger’s observation'? that small
amounts of 17 are produced in the reaction of neutral 1 with
norbornadiene.

For the formation of the stable adduct 2’, we modeled a
“step” that is overall third-order: first-order in 1, first-order in
hex, and first-order in 1~ (Scheme 2; this step is catalytic in 1,
since 17 is regenerated in this step).”> This is not meant to
imply a trimolecular encounter. An overall third-order depend-
ence would be observed if two of the species form an
association complex, which then reacts with the third species. It
was previously suggested* that 1~ might bind hex to form 2’
and then be subsequently reoxidized by 1. However,
computations indicate that the formation of 27 is energetically
unfavorable (see the SI).
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Our new density functional theory (DFT) data now provide
a convincing explanation that is detailed below: 1~ binds 1 to
form a dimetallic complex, which then reacts with the alkene.
While analysis of the kinetic data showed that 17 catalyzes the
formation of the stable interligand adduct in a step that
depends on k,[1][17][hex], the exact mechanism was clarified
by the theoretical work. DFT calculations on the reactions in
Schemes 1 and 2'*7** were performed for ethylene, and the
results are presented in Figures 2 and 3. In the absence of anion
(Figure 2), the cis interligand adduct 2 can be formed via direct
addition of 1 with ethylene by overcoming a barrier of 26.0
keal/mol to form the twisted cis interligand intermediate (2y),
which is the previously modeled symmetry-allowed interligand
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Figure 2. Energy profile for the reactions of 1 with ethylene to form
interligand adducts 2y and 2, the intraligand adduct 3, and the
decomposition products DHD/MD. Relative free energies in solvent,
free energies in the gas phase [in square brackets], and electronic
energies in the gas phase (in parentheses) in kcal/mol are shown.
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Figure 3. Free energy profile for the formation of 2 and 1~ via DO,
D17, D27, and 4. For TSp,,, a scan of the relaxed PES from D2~
along the Ni—C, S—C distance showed that the PES is flat from D2~
to TSp;,~. Relative free energies in solvent, free energies in the gas
phase [in square brackets], and electronic energies in the gas phase (in
parentheses) in kcal/mol are shown.

route.” 2y then isomerizes to give the thermodynamically more
stable 2 with a barrier of 16.5 kcal/mol. However, as expected
from the experiments detailed above, the barrier for formation
of the intraligand adduct (3) was calculated to be lower than
the maximum barrier leading to 2; the DFT work gave a
difference of 7.7 kcal/mol. The intraligand adduct 3
subsequently decomposes to DHD (observed) and MD (a
mix of oligomers observed). For computational simplicity, MD
was modeled as a dimer only. The lower barrier for formation
of 3 is the reason for decomposition when no anion is present.

However, when 17 is present, the formation of a dimetallic
complex (DO~ in Figure 3) from 1 and 17 is favorable, and DO~
reacts with ethylene to give D17; ethylene then migrates to
form D2”. When D27 dissociates, 1~ is regenerated, and a
compound with ethylene bonded to the nickel and one sulfur
(4) results. 4 is more readily transformed into 2 than into 3, via
a barrier of 5.7 kcal/mol (vs 13.4 kcal/mol). The formation of 4
from 1, 17, and ethylene via dimetallic complexes thus provides
a route for 17 to act as a catalyst for the production of 2.*
Although the binding of the alkene to DO™ to form the initial
alkene adduct (D17) is weak, the transition between the initial
adduct and the species with the alkene added across the Ni—S
bond (D27) occurs on an extremely flat potential energy
surface (PES): a small movement of the alkene in D27 resulted
in optimization to D1". Because the isomerization of species 4
has a smaller barrier for production of 2 (compared with the
barrier for production of 3), an overall changeover in selectivity
results in the presence of the reduced metal complex. The novel
catalytic cycle involving dimetallic complexes thus puts new
emphasis on weakly associated dinuclear complexes in the
reactivity of nickel bis(dithiolene) complexes.

While dimerization is common for bis(dithiolene) complexes
of cobalt and iron,**
triad bis(dithiolene) complexes. However, oligomerization was
proposed as the reason for the electrochemical irreversibility in
the oxidation of Pd(mnt),” [mnt = S,C,(CN),] and also as the
underlying reason for the difficulty in obtaining pure Ni(mnt),
via electrochemical oxidation of the anion in concentrated
solution.”® To supplement the computational evidence for the
dimetallic species DO~ with direct experimental evidence,*®
performed electrospray ionization mass spectrometry (ESI-MS;
negative ion mode in acetonitrile) on an equimolar mixture of 1
and (17)(NEt,"). A signal with the expected isotope signature

association in solution is rare for nickel

we
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indicative of the acetonitrile adduct of DO~
(C,sH3F,,N;Ni,S¢~) was obtained (see the SI).

The computational results are also consistent with the
proposal that decomposition (via 3/3") is slowed in the
presence of 1. The reduction potential for 1/17 is less positive
but relatively close to the computed reduction potential for 3*/
3 (electron transfer from 3 to 1 is uphill by 10.7 kcal/mol = 464
mV; the calculated thermodynamic data and reduction
potentials vs ferrocenium/ferrocene are given in the SI),”’
indicating that 3" formation can be suppressed in the presence
of 17. Species 3* exhibits longer Ni—S bonds to DHD than
does 3, which might indicate that DHD becomes more labile
after oxidation of 3, although the effect is very small (0.0015 A).
In addition, since substitution is often associative for Ni(II),*®
can be expected that DHD loss (decomposition) is faster for
cationic 37.

In conclusion, this combination of experiment and theory has
elucidated the mechanism for the ligand-based reaction
between alkenes and Ni(tfd), (1), where catalytic amounts of
17 lead to a change in selectivity. The intrinsic reactivity of 1
favors the unstable intraligand adduct, which is formed in a
symmetry-allowed reaction. Kinetic data have provided
evidence for the 17-catalyzed formation of the stable interligand
adduct, and DFT studies have shown the reason: 1~ combines
with 1 to form a dimetallic intermediate, which then binds
ethylene at one of the nickel atoms. A low-energy isomerization
yields a complex in which ethylene is bound across the Ni—S
bond and 17 is released. The short-lived Ni—S alkene adduct
isomerizes more rapidly to the (stable) interligand adduct than
to the (unstable) intraligand adduct. The anion-catalyzed
reaction thus competes effectively with the intrinsic reactivity of
1, as shown in Scheme 3. In view of the recent interest in
ligand-based alkene reactions, this analysis of prototypical
Ni(tfd), reactivity will aid in future work in this area.
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Complete ref 18; gas-phase electronic energies and atomic
coordinates of optimized intermediates and transition states;
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of charge via the Internet at http://pubs.acs.org.
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