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A series of Ni dithiolene complexes Ni[S,C,(CF3)]5 (n = —2, —1,0) (1, 2, 3) and
a 1-hexene adduct Ni[S,C,(CF;),],(CsHyz) (4) have been examined by Ni K-
edge X-ray absorption near-edge structure (XANES) and extended X-ray
absorption fine-structure (EXAFS) spectroscopies. Ni XANES for 1-3 reveals
clear pre-edge features and approximately +0.7 eV shift in the Ni K-edge
position for ‘one-electron’ oxidation. EXAFS simulation shows that the Ni—S
bond distances for 1, 2 and 3 (2.11-2.16 A) are within the typical values for
square planar complexes and decrease by ~0.022 A for each ‘one-electron’
oxidation. The changes in Ni K-edge energy positions and Ni—S distances are
consistent with the ‘non-innocent’ character of the dithiolene ligand. The Ni—C
interactions at ~3.0 A are analyzed and the multiple-scattering parameters are
also determined, leading to a better simulation for the overall EXAFS spectra.
The 1-hexene adduct 4 presents no pre-edge feature, and its Ni K-edge position
shifts by —0.8eV in comparison with its starting dithiolene complex 3.
Consistently, EXAFS also showed that the Ni—S distances in 4 elongate by
~0.046 A in comparison with 3. The evidence confirms that the neutral complex
is ‘reduced’ upon addition of olefin, presumably by olefin donating the
m-electron density to the LUMO of 3 as suggested by UV/visible spectroscopy
in the literature.

Keywords: Ni dithiolene complexes; olefin adduct; extended X-ray absorption fine
structure (EXAFS); X-ray absorption near-edge structure (XANES); single scattering;
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1. Introduction

Metal dithiolene complexes have been studied extensively
since the 1960s (McCleverty, 1968; Rehr ef al., 1991; Schrauzer,
1969). While initial interests focused primarily on their redox
and electronic properties (Billig et al., 1964; Davison & Holm,
1967; Olson et al., 1966), later studies have been stimulated
by their potential applications in areas encompassing photo-
energy conversion (Paw et al., 1998), non-linear optics (Chen et
al., 1998; Winter et al., 1992), Q-switch laser dyes (Mueller-
Westerhoff et al., 1991) and light-driven information devices
(Mueller-Westerhoff et al., 1991). All of these applications are
associated with the unique non-innocent nature of 1,2-
dithiolene ligands {e.g. [S;Co(CFs),]*7}, i.e. the dithiolene

1 All authors contributed equally.

ligand can participate in the redox process of the coordination
complex rather than just a spectator (Gray, 1965; Gu et al.,
2014). Ni dithiolene complexes have also attracted extensive
interest due to their relevance to Ni-containing enzymes
(Reedijk & Bouwman, 1999; Yadav et al., 1997), such as NiFe
hydrogenase (NiFe Hjase), carbon monoxide dehydrogenase
(CODH) and acetyl-CoA synthetase.

Ni dithiolene complexes have also been found to react with
olefins to form 1/1 olefin adducts, where the olefin binds to the
S atoms across the ligands (Schrauzer & Mayweg, 1965; Wing
& Schlupp, 1970). For example, the complex Ni[S,C,(CF,),],
can react with light olefins, including 1-hexene (Fig. 1)
(Harrison et al., 2006). The olefin—nickel products are an
important type of charge-transfer adducts, which are relevant
to selective olefin separation and possibly olefin detection.
The interaction was proposed as electrophilic addition of Ni
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Figure 1

Formation of 1-hexene adduct with Ni[S,C,(CF>),], (3, A).

dithiolene (such as A) to the olefin to form an olefin adduct
[such as B (Wang & Stiefel, 2001)]. The 744 nm band in the
UV/visible absorption spectrum for A, which was assigned as
the transition from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO), disappeared partially in B (Wang & Stiefel, 2001),
consistent with the olefin donating electron density to the
LUMO of the dithiolene. However, optical transition is not
element specific, thus the change of electron density in Ni
cannot be probed specifically using UV/visible spectroscopy.

X-ray absorption spectroscopy (XAS) monitors the transi-
tion of a core electron to the valence shell, and is one of the
most useful element-specific methods for studying metal
centers in chemical complexes and metalloenzymes (Wang et
al., 2000). K-edge X-ray spectroscopy of Ni uses hard X-ray
radiation and probes the transitions 1s — pre-edge (3d or 4p,
pre-edge features), 1s — edge (X-ray absorption near-edge
structure, XANES) and 1s — continuum (extended X-ray
absorption fine structure, EXAFS). EXAFS is the oscillating
part from 100 eV to 1000 eV above the absorption edge. It is
due to the interference between the outgoing photoelectron
wave from metal and the electron wave in the ligand scat-
terers, and contains information about the chemical environ-
ment around the metal sites, such as type of ligands,
coordination numbers and, most importantly, metal-ligand
(M-L) distances.

Single scattering (SS) refers to the photoelectron wave
scattering processes, in which one neighboring scatterer is
involved in one scattering path, such as the first two cases in
Fig. 2 (SS 1 and SS 2). In the case where two or more scat-
tering atoms are involved in one scattering path (or one
photoelectron wave source), it becomes multiple scattering
(MS), as shown in Fig. 2 (MS A — MS G). It is clear that MS is
dependent on both distance and angles of the scattering atoms
and becomes a two-dimensional polar coordinate system.
Each EXAFS spectrum will be the sum of SS and MS
contributions, but the latter is usually weak and can be omitted
in most cases. Nevertheless, the MS effect is a powerful tool to
help determine geometric details, especially for highly
symmetric complexes.

We recently reported Ni L-edge and K-edge X-ray
absorption spectroscopy on the nickel oxidation state
changes in a series of Ni[S,C(CFz),]s (n = =2, —1, 0)
dithiolenes (Gu et al., 2014). In this publication, we use Ni
K-edge EXAFS to probe changes in the local molecular
structure of the dithiolene complexes upon formal oxidation
and olefin adduct formation. EXAFS spectra are analyzed
with both SS and MS simulations, to obtain detailed Ni—S
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Figure 2

Single-scattering (SS) and multiple-scattering (MS) paths within Ni
dithiolene calculated by FEFF 7.0.1.

and Ni—C bond distances as well as the MS parameters
for: (PhyAs),Ni[S,C,(CF3),]; (1) (Davison & Holm, 1967),
("BuyN)Ni[S,C,(CF3),], (2) (Davison & Holm, 1967) and
Ni[S;C5(CF3),], (3) (Wang et al, 2007). The Ni K-edge
XANES and EXAFS for the 1-hexene adduct
Ni[S,C,(CF3),],(CsHy,) (4) were also studied. This is a first
XAS study on a dithiolene—olefin adduct. The bond distances
from EXAFS are consistent with available crystallographic
data (Penner-Hahn, 1999; Westre et al., 1997; Wang et al., 2007)
for 2, 3 and for the ethylene adduct Ni[S,C,(CF3),],(C,Hy)
(Harrison et al., 2006) (which is similar to 4). The differences
in XANES and EXAFS among 1, 2, 3 and the 1-hexene adduct
4 are also discussed.

2. Experimental procedures
2.1. Sample preparation

The nickel dithiolene complexes used in this study,
(PhyAs),Ni[S,C5(CF3),], (1) (Davison & Holm, 1967),
("BuyN)Ni[S,C,(CF3),], (2) (Davison & Holm, 1967),
Ni[S,C,(CF3),]» (3) (Wang et al., 2007) and the olefin adducted
Ni[S,C,(CF3),],(CsHy,) (4) (Wang & Stiefel, 2001), were
synthesized following literature methods. The powdered solid
samples were handled under nitrogen atmosphere (inside
a glovebox) prior to the K-edge XANES and EXAFS
measurements, although the measurements were performed
under ambient conditions. The solid samples were ground and

]. Synchrotron Rad. (2015). 22, 124-129

Gu, Wang and Wang -

125

EXAFS and MS simulation of nickel dithiolene complexes



research papers

mixed with boron nitride to dilute each sample to the proper
Ni concentration, allowing it to have one X-ray optical density
(for obtaining the best signal-to-noise ratio). The energy
calibration sample (Ni foil) was purchased from Sigma-
Aldrich and used as purchased (purity = 99.5%).

2.2. Measurements and analysis

Ni K-edge XAS data for Ni dithiolenes 1, 2, 3 and 4 were
collected at beamline 2-3 at the Stanford Synchrotron
Radiation Laboratory (SSRL). Si(111) monochromator crys-
tals were used with 2 mm slits for EXAFS scans and 1 mm slits
for the XANES spectra. Harmonic rejection was accom-
plished by detuning the second monochromator crystal to the
position that has a flux at 50% of its maximum value. Data
were collected in transmission mode in a typical three ion-
chamber geometry with Ni dithiolene sample between I, and
I, and the Ni foil between I; and I,. All ion-chambers were
filled with N,. The energy was calibrated by setting the first
inflection point of the Ni foil spectrum to 8331.6 eV. Each final
spectrum was the sum of three 20 min scans.

The extraction of EXAFS oscillations from the final spectra
was accomplished using the EXAFSPAK analysis software
(George, 2009). E, was chosen as 8350 eV for defining
the photoelectron wavevector k. AE = —6eV was used.
The resultant EXAFS data were weighted by &° {k =
[2m(E — Ey)"?]/h*} and Fourier transformed over the region
of k = 1-14 A. Least-squares fits of the EXAFS data were
performed on Fourier-filtered EXAFS data, using the
following formula to optimize the structural parameters Ny,
R, and 03:

X(k) = S3(k) Y (Ny/KR3,)| £,(K)] exp(—207, k)
b

x exp[—2R,,/A(k)]sin[2kR,, + ¢,u(K)]. (1)

In this equation, Ny is the number of backscatterers in the bth
backscattering shell at distance R,, from the X-ray absorber
(Ni), fo(k) and ¢,,(k) are the backscattering amplitude and
total phase-shift of the absorber—scatterer pairs, 02 is the
mean square deviation of R,;,, and A(k) represents the mean
free path of the ejected photoelectron. SZ(k) is an amplitude
reduction factor that accounts for multiple electron excita-
tions. MS paths were calculated with FEFF 7.0.1. The path
contribution of less than 1% was rejected to reduce the free
parameters in the EXAFS fitting process. Therefore only MS
paths A, B and C were considered in our MS analysis (see
Fig. 2). The goodness of the SS and MS fits was determined by

F= E(Xcalc - Xobs)2k6'

3. Results and discussion
3.1. K-edge XANES

The K-edge XANES spectra for 1 (green), 2 (blue) and 3
(red) were reported in a recent publication (Gu et al., 2014).
The K-edge position shifts +0.7eV per oxidation state
increase (or +0.7 eV/oxi) (see Table 1). This shift is also similar
to that reported for [Ni(MNT),]*~ versus [Ni(MNT),]'"

Table 1
K-edge positions, shifts and pre-edge feature observations for complexes
1,2, 3 and 4.

Complex 1  Complex 2  Complex3  Complex 4
K-edge, E; (eV) 8339.1 8339.8 8340.5 8339.7
E; shift (eV) 0.0 +0.7 +1.4 +0.6
Pre-edge features  Yes Yes Yes No

(Eidsness et al., 1988) (ca 1 eV/oxi). However, it is far smaller
than the shift seen in Ni oxides (Mansour & Melendres, 1998),
which is ~1.85 eV/oxi (Mansour & Melendres, 1998; Gu et al.,
2014). This is consistent with the ‘non-innocent’ nature of the
dithiolene ligands. Interestingly, D. gigas NiFe hydrogenase
has a Ni K-edge shift of ~1 eV between oxidized and reduced
states (Davison & Holm, 1967; Gu et al., 2003). This similarity
supports the biological relevance of these dithiolene
complexes.

The XANES spectra for the 1-hexene adduct 4 (purple) and
for its parent dithiolene complex 3 are shown in Fig. 3. There is
an intense peak in the 8336-8338 eV region for 3 (red), which
is due to a 1s — 4p, transition, a typical XANES feature for
square planar complexes (Bagyinka et al, 1993; Gu et al.,
2014). The XANES for 1, 2 and 3 have been published (Gu et
al., 2014) and all of them have a 1s — 4p_ peak. The K-edge
XANES for the 1-hexene adduct Ni[S,C,(CF3),],(CsHi,) (4),
on the other hand, shows no 1s — 4p, peak or any other peak
in the transition region (Fig. 3). The lack of pre-edge peak in
XANES is consistent with the fact that adding 1-hexene across
the ligand sulfur atoms breaks the square planar symmetry in 3
(Fig. 1, A), as suggested by the change in the HOMO —
LUMO transition (744 nm) seen in UV/visible spectroscopy
(Wang & Stiefel, 2001). Although the crystal structure for 4 is
not available, the crystal structure for a similar olefin adduct,
Ni[S,C,(CF;3),]-(C,H,), has been reported (Harrison et al.,
2006). A bowl-type distortion was shown, similar to that in the
norbornadiene (NBD) adduct, Ni[S,C,(CF3),],(NBD) (Wing
& Schlupp, 1970). The C,H, bridge is twisted with a 19.7°
torsion, leading to C1 molecular symmetry.

The K-edge energy position for 4 is 0.8 eV lower than that
for 3 (0.6 versus 1.4 eV in reference to 1). These observations

8330 6340 8350 6360
Energy (eV)

Figure 3

Ni K-edge XANES spectra in the 8325-8365 eV region for 3 (dashed red)

and the 1-hexene adduct 4 (solid purple). The pre-edge feature for 3

disappears after the 1-hexene adduction.
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indicate that the neutral complex is ‘reduced’ upon addition of
olefin, presumably by olefin donating the w-electron density to
the LUMO of 3 as suggested by the change in UV/visible
spectroscopy in the literature (Wang & Stiefel, 2001).

3.2. EXAFS spectra

After spline removal, the unfiltered and k’-weighted
EXAFS yx(k) spectra for 1, 2, 3 and 4 are shown in Fig. 4 (left
panel). The spectra for 1, 2 and 3 appear very similar.
However, careful comparison reveals subtle differences in
their EXAFS oscillation frequency. According to a simple
EXAFS theory, the shorter the bond length, the higher the
EXAFS oscillation frequency (Agarwal, 1991; Penner-Hahn,
1999). This gives us an indication that the Ni—S distances are
different for different complexes. The oscillation frequency
and pattern for the olefin adduct 4 is significantly different
from 1, 2, 3; and its oscillation amplitude becomes much
smaller as well, indicating a significantly distorted structure for
4 (Penner-Hahn, 1999).

The Fourier transformation (FT) of the phase-uncorrected
(above) EXAFS for 1, 2, 3 and 4 are presented in Fig. 4 (right-
hand panel, colored solid lines). The main peaks in these
spectra are all centered at ca 1.7 A (a phase-uncorrected
value), which corresponds to the interactions between Ni and
the first shell scatterers (S). Single-scattering simulation of
these data found that the (phase-corrected) Ni—S coordina-

tion distances are at 2.159 A, 2134 A and 2.115A for
compounds 1, 2 and 3, respectively, which fall in the range for
typical four-coordinated square planar Ni complexes (from
2.10 A to 2.24 A) (Churchill ef al., 1971). Among 1, 2 and 3,
the Ni—S bond length decreases by about 0.022 A as the
complex is formally oxidized by one electron. Similar trends
(ca 0.02 AJoxi) were observed in other Ni dithiolene
compounds such as [Ni(S,C,Ph,),]"'~ (Mahadevan et al.,
1984; Megnamisi-Belombe & Nuber, 1989; Sartain & Truter,
1967) and [Ni(S,C,Me,),]™' %~ (Lim et al., 2001). The trend
is also consistent with the X-ray crystal structural for 2 and 3
(the Ni—S distances decrease by 0.011 Aloxi) (Wang et al.,
2007). However, the change here is much less than the changes
in the Ni—O distances in nickel oxides, which is ~0.1 A
(Mansour & Melendres, 1998). This is not surprising because
Ni dithiolenes have non-innocent ligands; one-electron redox
of the complexes does not result in the change of nickel
oxidation state by one unit (Gu et al., 2014).

The average Ni—S distance for 4 is 2.155 A, consistent with
those in the ethylene adduct [2.159-2.163 A (Harrison et al.,
2006)]. Although the edge position of 4 is close to that of 2, the
Ni—S distance is close to that of 1. The further elongation of
the Ni—S distance in 4 is consistent with the distorted bowl-
shaped structure for the olefin adduct (Harrison et al., 2006).
We also noted that the Debye—Waller factor (o) for the Ni—S
interactions is much higher for 4 (0% = 5.2 x 107> A?) than
those for 1, 2, 3 (22-2.7 x 107° Az) (Table 2). A higher

K31k

Fourier transform (a.u.)

k(AT

Figure 4

0 1 2 3 4 5
R+A(A)

Left-hand panel: the observed (solid colored lines) and MS fitted (dashed black lines) EXAFS k-space spectra for 1 (green), 2 (blue), 3 (red) and 4
(purple). Right-hand panel: Fourier-transformed (FT) experimental EXAFS (solid colored lines) and the best MS fits (dashed black lines) for 1 (green),
2 (blue), 3 (red) and 4 (purple). Insets in the right-hand panel: the magnified long-distance FT peaks in the experimental EXAFS (top solid lines) and in
the best MS fits (top dashed lines). The curves underneath them correspond to the contributions from the MS scattering paths of A (lower) and MS B or

C (middle).
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Table 2 Table 3
Single-scattering fit parameters for Ni dithiolene complexes 1, 2, 3 and 4. Multiple-scattering fit parameters for Ni dithiolene complexes 1, 2 and 3.
Complexes N R (A) o (1073 /DXZ) P Complexes N R (A) o* (10’3/&2) P
1 4S 2.159 2.70 398.3 1 4S 2.159 2.70 334.9
4C 3.104 428 4C 3.104 428
2 4S 2.134 224 350.4 4 Path A 4318 2.56
4C 3.067 5.62 4 Path B 4318 2.56
3 4S 2.115 222 344.6 4 Path C 4.320 2.56
4C 3.041 5.59 2 4S 2.134 224 298.0
4 4S 2.155 522 159.8 4C 3.067 5.62
4C 3.090 5.43 4 Path A 4267 3.36
4 Path B 4267 3.36
4 Path C 4.269 3.36
Debye—Waller factor (o) indicates a more disordered (S) shell, 3 Z(S: géﬁ §§§ 303.5
which can be induced by asymmetric addition of 1-hexene to 4 Path A 4231 334
the S ligands (see Fig. 1), again consistent with the crystal 4 Path B 4231 3.34
4 Path C 4233 3.34

structures for the olefin adducts (Harrison et al., 2006).

Adding one more shell of C (see Fig. 4) improves the
simulation by fitting the second peak at ca 2.5 A (phase-
uncorrected spectra, Fig. 5). The analyzed (phase-corrected)
Ni—C distances for 1, 2 and 3 are at 3.106 A, 3.067 A and
3.041 A, respectively, and that for 4 is at 3.090 A, as
summarized in Table 2.

4. MS analysis

There are weak contributions at ca 3.2 A and 3.5 A (Fig. 5),
which cannot be reproduced via SS simulation. MS calcula-
tions are thus necessary in order to fit these ‘minor’ peaks. The
FEFF (Rehr et al., 1991) calculation for 1, 2 and 3 yields two
single SS paths, which correspond to Ni—S and Ni—C, and
seven MS paths as illustrated in detail in Fig. 2. Among the MS
paths, paths A, B and C correspond to the three- and four-
legged paths in the linear arrangement of S—Ni—S. The
others are the non-linear three- and four-legged paths invol-

Ni-S
x50%

N}
NS
[e)
[os
-
(=
=
N
=
S

-1
Figure 5 Kk (A )

Various SS and MS EXAFS scattering contributions for complexes 1:
Ni—S (77.5%, curve scaled by 50%); Ni—C (7.3%); MS A (3.1%); MS B
(6.0%) and MS C (6.0%). For SS and MS scattering paths, refer to Fig. 2
and the text for details.

ving C or S or both shells. The individual EXAFS contribution
of each path used in the fit is shown in Fig. 5, using complex 1
as an example. Ni—S contributes ~77.5% of the overall
EXAFS intensity (scaled by 50% in Fig. 5 for a better illus-
tration of other contributions); Ni—C contributes ~7.3%;
while MS A/B/C contribute 3.1%/6.0%/6.0%. Other MS have
less than 0.1% contribution, and are thus omitted. MS
contributes about 15.1% to the overall EXAFS oscillations.

The best MS simulations of the dithiolene complexes 1, 2, 3
are shown in Fig. 4 (left-hand and right-hand panels, dashed
lines for 1, 2, 3). Although the MS contributions are minor
compared with the Ni—S shell, the peaks at distances of 3.2
and 3.5 A (phase-uncorrected spectra) can only be fitted when
MS simulations are included. The MS path lengths obtained
from the MS simulation agree well with the SS analysis. For
example, the S—Ni—S path length is exactly twice the value
for the Ni—S distance (Tables 2 and 3). It should also be
noticed that MS B and MS C (the middle grey curves in the
insets of Fig. 4, right-hand panel) are identical due to the
complexes’ square planar symmetry. This ‘degeneracy’ also
explains that only two MS curves (one for A and one for B/C)
are shown in Fig. 4 (right-hand panel). For the olefin adduct
product 4, there are no peaks in the MS region (Fig. 4, right
panel, purple curve). This seems reasonable because MS
contributions are obvious only for a symmetric structure
around the scattering (Ni) atom, while 4 has a C1 symmetry
(Harrison et al., 2006).

Metal-metal bonding is of great interest in bio-inorganic
chemistry, especially for some metalloenzymes in the reduced
states, where it stabilizes low-valent metal centers poised for
substrate activation. For example, Ni—Fe interactions are
proposed for Ni-L NiFe hydrogenase (Kampa et al., 2013) and
for carbon monoxide dehydrogenase (CODH) (Jeoung &
Dobbek, 2009), Ni—Ni and Fe —Fe bonding are proposed for
acetyl-CoA synthetase (Lindahl, 2012) and [FeFe]-H,ase
(Nicolet et al., 2001). While these metal-metal interactions are
typically in the range of ~3 A, metal-C interactions and MS
parameters are also at ~3 A, complicating EXAFS studies on
these important metal-metal interactions [by the existence of
metal-C/metal-N interactions as well as MS scattering effects
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(Riggs-Gelasco et al., 1995)]. The work we report here illus-
trates the power of MS EXAFS in elucidating the structures
of dithiolene complexes as a result of better EXAFS fitting.
This approach could also potentially be used to evaluate
the influence of the above-mentioned ‘side effect’ (metal-C
and MS) while probing the metal-metal interactions in bio-
inorganic EXAFS.

This publication also shows that, although undulator
beamlines are more advanced today, bent-magnet-based
beamlines are still useful for resolving ambiguous chemical
issues.

5. Summary

A series of Ni dithiolene complexes Ni[S,C,(CF5)]; (n = —2,
—1,0) (1,2, 3), and a 1-hexene adduct Ni[S,C,(CF;3),],(CsHy»)
(4) have been examined by Ni K-edge XANES and EXAFS.
Ni XANES for 1-3 reveals clear pre-edge features and the K-
edge position shifts approximately +0.7 eV for one-electron
oxidation in the complexes. EXAFS fits show that: (i) the Ni—
S bond distances for 1, 2 and 3 (2.11-2.16 A) are typical for
square planar complexes; (ii) the bond distance decreases by
~0.022 A for each one-electron oxidation; (iii) the Ni—C
interactions are at 3.106 A 3.067 A and 3.041 A (iv) MS
simulation provided a much better EXAFS fit for symmetric
structures, such as 1, 2 and 3. The trends in energy positions
and Ni—S distances are both consistent with the ‘non-inno-
cent’ character of the dithiolene ligand.

The first XANES and EXAFS studies for a nickel dithio-
lene—olefin adduct 4 are also reported here. The spectra are
different from those for 1, 2 and 3. In the XANES region, 4
presents no pre-edge feature and its Ni K-edge position shifts
by —0.8 eV in comparison with its starting dithiolene complex
3, consistent with the value for one-electron reduction.
EXAFS showed that the Ni—S distances in 4 elongate
~0.046 A in comparison with 3, close to two-electron reduc-
tion. Although the exact change in the oxidation state of
nickel in the dithiolene complex upon olefin addition is not
quantitatively clear, the evidence confirms that the neutral
complex is ‘reduced’ upon addition of olefin, presumably by
olefin donating the m-electron density to the LUMO of 3 as
suggested by UV/visible spectroscopic data in the literature
(Wang & Stiefel, 2001). A combination of theoretical (Fan &
Hall, 2002) and experimental (UV/visible spectroscopy, X-ray
absorption spectroscopy and crystal structure determination,
etc.) studies, employing olefins with different electron density
in the mr-orbital, should help to further understand the impact
of the nature of the olefin on the oxidation state of nickel in
the olefin adduct.
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