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'Ni chemical shifts of Ni(all-trans-cdt)L (cdt = cyclododecatriene, L = none, CO, PMe;), Ni(CO),,
Ni(C,H,),(PMe;), Ni(cod), (cod = cyclooctadiene) and Ni(PX;), (X = Me, F, Cl) are computed at the
GIAO (gauge-including atomic orbitals), BPW91, B3LYP and BHandHLYP levels, using
BP86-optimised geometries and an indirect referencing scheme. For this set of compounds, substituent
effects on 6(°'Ni) are better described with hybrid functionals than with the pure BPW91 functional.
On going from Ni(all-trans-cdt) to Ni(all-cis-cdt) the computations predict substantial shielding of the
'Ni nucleus by nearly 700 ppm, as well as a sharp increase of the electric field gradient at this position.
The latter result is predicted to afford an undetectably broad ' Ni NMR line for the all-cis-cdt complex,
rationalizing the apparent failure to record the NMR spectrum experimentally.

1 Introduction

Cyclododecatriene-nickel(0), one form of “naked nickel”, is a
textbook example of a low-valent transition metal complex that is
useful as a convenient metal source for synthesis and catalysis."
The all-trans form (1) was the first isolated nickel(0)-olefin complex
and has long been characterised thoroughly.* The structure of
the thermodynamically more stable, but also more reactive, all-
cis isomer (2) has been solved recently.* In both complexes, the
three double bonds are coordinated in a trigonal planar fashion
about the central metal. The simplest tris(olefin)nickel complex,
tris(ethylene)nickel(0) (3) can be prepared in crystalline form,*
but is highly labile and too reactive for detailed spectroscopic
observation in solution. This complex has recently attracted
interest from theory, as computed magnetic response parameters
have led to the suggestion that the Dj,-symmetric minimum (3a)
with the three m-bonds all in the same plane, could allow cyclic
delocalisation of these m-electrons, thereby sustaining a diatropic
ring current characteristic of Hiickel aromatic compounds.® This
conclusion was based on plots of the induced current density and,
apparently, supported by the computed * Ni chemical shifts of 3a
and the perpendicular variant 3b, where any such delocalisation
would be shut off (see Scheme 1 for the structures). The metal
nucleus in 3a was predicted to be much more shielded, by more
than 1800 ppm, than that in 3b, in line with the expectation that
a magnetic probe placed at the centre of a diatropic ring current
should experience a substantial upfield shift.”

Quantitatively, this huge difference in 6(°'Ni) values is far too
large to be ascribed solely to such benzene-like ring currents,
because the latter are independent of the probe nucleus, and
would be the same in ppm for the metal as for any other
lighter nucleus such as "H.® Typical effects for protons located
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in the shielding cones of aromatic compounds amount to but
a few ppm,” and the largest upfield shift due to ring currents,
6(*He) of endohedral He complexes of “superaromatic” fullerene
anions, does not exceed —50 ppm.® Qualitatively, however, the use
of ®Ni chemical shifts as a probe into the electronic structure
of Ni complexes is of interest, taking advantage of the broad
chemical shift range and sensitivity towards substituent effects that
are typical for transition-metal NMR.' In the heyday of nickel
chemistry, ®Ni NMR was employed as a means of spectroscopic
characterisation for a number of complexes,'**? but the problems
associated with the large quadrupole moment of this nucleus have
hindered widespread analytical applications.

We have become interested in using this technique to probe
the electronic structures of 1 and 2 and to investigate the extent
to which they reflect those of the parent ethylene complexes 3b
and 3a (noting that the olefins are essentially in-plane in both
2 and 3a, strongly twisted in 1 and exactly perpendicular in the
elusive 3b). Preliminary CSGT-B3LYP/6-31+G(d) computations
indeed indicated a large difference between S(*'Ni) of 1 and
2 (ca. 700 ppm)."* However, the sensitivity of DFT-computed
transition-metal chemical shifts toward the exchange—correlation
functional is highly variable,"* and can, depending on the nucleus
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under scrutiny, range from fairly feeble to downright dramatic.'
This situation calls for a systematic test of computed *'Ni
chemical shifts in order to gauge the accuracy of the DFT results.
Simultaneously, an independent experimental confirmation of
the DFT predictions for 2 seemed desirable. The present paper
summarises our efforts toward these goals. As it turns out, the
reliability of theoretical ® Ni NMR chemical shifts can be improved
by adopting an indirect referencing procedure, and DFT results
can be used to rationalise the apparent failure to record the *'Ni
NMR spectrum of 2.

2 Experimental and computational details
2.1 DFT computations

Methods and basis sets correspond to those used in the previous
studies of first-row transition-metal complexes:'®> geometries have
been fully optimised in the given symmetry at the BP§6/AEI1 level,
i.e. employing the exchange and correlation functionals of Becke'®
and Perdew,'” respectively, together with a fine integration grid
(75 radial shells with 302 angular points per shell), the all-electron
Wachters basis augmented with 2 diffused and one diffuse p sets
(contraction scheme 62111111/3311111/3111), and the standard
6-31G(d) basis set™® for all other elements (except for the C atoms
of the phosphine #Bu and iPr groups, for which the 6-31G basis
was used). All structures have been characterised as minima by
the absence of imaginary harmonic vibrational frequencies.

Magnetic shieldings, o, have been evaluated for the BP86
optimised geometries using a popular implementation® of the
GIAO (gauge-including atomic orbitals) DFT method involving
the functional combinations according to Becke® and Perdew
and Wang® (denoted BPW91), Becke (hybrid)*' and Lee, Yang,
and Parr® (denoted B3LYP), or Becke (half-and-half, using 50%
of Hartree-Fock exchange) and Lee, Yang, and Parr (denoted
BHandHLYP).?® These computations employed basis 11", i.e. the
same augmented Wachters basis on Ni and the recommended
IGLO basis I1** on all other atoms except hydrogen and the C
atoms of the phosphine /Bu and /Pr groups, where a double-zeta
(DZ) basis was used. In order to convert ¢ values into relative
chemical shifts &, the shielding constants of the standard have been
evaluated as the y-intercept of linear regressions of computed o
vs. experimental § values at each level. The resulting o(standard)
values are —1510, —1657 and —1929 ppm at the GIAO-BPWO91,
-B3LYP, and -BHandHLYP levels, respectively. Preliminary NMR
computations have been performed at the CSGT (continuous set
of gauge transformations)-B3LYP/6-31G(d) level (for geometries
optimised at the same DFT level®), using Ni(CO), directly as
reference, with a o(standard) value of —2212 ppm.

EFGs have been computed at the B3LYP/II” level employing
the BP86 geometries. The largest component of the EFG tensor,
q.-, is given (reported in atomic units, 1 au = 9.717365 x 10*
V m? for conversion into eq values). These static quantum-
chemical computations employed the GAUSSIANOS suite of
programs.®

2.2 Experimental

Ni-all-trans-cyclododecatriene 1. 1 was synthesised from
freshly sublimed Ni-acetylacetonate, all-trans-cyclododecatriene

and diethylaluminumethoxide (as the reducing agent) in THF
according to a procedure of Wilke et al? Complex 1 was
purified by vacuum sublimation (<107 Torr). The metallic glossy,
deep red crystals are indefinitely stable in a rigorously oxygen-
free atmosphere. Solutions in benzene and THEF, even prepared
under careful exclusion of oxygen, decompose within a few days
forming a nickel mirror. To prevent the formation of paramagnetic
nickel, and to allow the NMR investigation, we added 0.5 equiv-
alents of di-tert-butylisopropylphosphine. Solutions containing
this bulky phosphine ligand are stable for several days without
decomposition.?® “'Ni spectra were recorded on a Bruker AV
400 spectrometer. 'H-NMR (200.1 MHz, [D¢]benzene, 300 K,
benzene): 6 = 4.28 (m., 6H; CH), 2.39 (m., 6H; H,,), 1.99 (m.,
6H; H,,), 1.30 (dd, *J(P,H) = 10.5 Hz, *J(H,H) = 7.4 Hz, 6H;
P-CH(CH;),), 1.18 (d, *J(H,P) = 10.5 Hz, 18H; P-C(CHj;);).
BC-NMR (50.3 MHz, [D¢]benzene, 300 K, benzene, DEPT 135):
6 = 107.2 (t), 41.8 (s; CH,), 33.5 (q, d, 'J(C,P) = 27.6 Hz; P-
C(CH,),), 31.7 (p, d, 2J(C,P) = 13.9 Hz; P-C(CH?)*), 25.5 (t, d,
'J(C,P) = 28.4 Hz; P-CH(CH;),), 24.0 (p, d, *J(C,P) = 13.7 Hz;
P-CH(CH,),. ¥P-NMR (81.0 MHz, [D]benzene, 300 K, H;PO,
(external)): 6 = 46.8. ' Ni-NMR (35.8 MHz, [D¢]benzene, 300 K,
Ni(CO), (substitutive), c=0.17mol L™): § =75 (s; v,,, = 3.9 kHz)
(FID shift); the spectral data of this phosphine-stabilised solution
are consistent with previous reports for pure 1.%

Ni-all-cis-cyclododecatriene 2. 2 was prepared from the all-
trans complex 1 and all-cis-cyclododecatriene by ligand exchange
according to Wilke et al.*® The complex was purified by vacuum
sublimation (<10 Torr) and was obtained as yellow needles
(which, however, decomposed and turned black in our hands
when exposed to an inert atmosphere in a glovebox). The all-
cis complex 2 is even more oxygen sensitive than its all-trans
isomer. To obtain stable solutions expected to contain 2 for NMR
investigations, the ligand exchange reaction was performed in an
NMR tube by adding all-cis-cyclododecatriene to a phosphine
stabilised solution of all-frans-cyclododecatriene 1 under argon.
'"H-NMR (500.1 MHz, [D;]THF, 300 K, THF): 6 = 4.97 (s, 6H;
CH all-trans 1),4.83-4.76 (m, 6H; CH all-cis 2), 2.48-2.32 (m, 12H;
CH, all-cis 2), 2.01 (s, 16H; CH, all-trans 1), 1.90 (sep, *J(H,H) =
7.4 Hz, 1H; P-CH(CHj;),), 1.34 (dd, *J(P,H) = 9.8 Hz, *J(H,H) =
8.2 Hz, 6H; P-CH(CH,;),), 1.20 (d, *J(H,P) = 10.0 Hz, 18H;
P-C(CH;);). *C-NMR (125.8 MHz, [Ds] THF, 300 K, THF,
DEPT 135): § =132.3(t; CH all-trans 1), 89.8 (t; CH all-cis 2), 33.3
(s; CH, all-trans 1), 29.5 (s; CH, all-cis 2). * P-NMR (202.5 MHz,
[D]THEF, 300 K, H,PO, (external)): § = 47.7 (phosphine).*'Ni-
NMR (35.8 MHz, [D¢]benzene, 300 K, Ni(CO), (substitutive),
¢=0.17 mol L™): 6 = 22 (FID shift) respectively 17 (difference)
(s; vy, = 8.9 kHz). Again, the 'H and "*C data of this phosphine-
stabilised solution (which contained traces of 1) are consistent
with previous reports for 2.2

Tetrakis(trimethylphosphine)nickel(0) 10. Our attempts to
prepare 10" by an alternative route from Ni-all-trans-
cyclododecatriene 1 and trimethylphosphine resulted in a mixture
of the rather stable and known adduct 1-P(CHj;);* and Ni(PMe,),,
as both components were identified by their NMR data. Neverthe-
less, we have been able to detect the typical © Ni NMR reference of
Ni(PMe;),. “ Ni-NMR (35.8 MHz, [D,]benzene, 300 K, Ni(CO),
(substitutive), ¢ = 0.15 mol L™): § = 35 (q, 'J(P,Ni) = 287 Hz;
v, = 20 Hz).
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3 Results and discussion

This section is organised as follows: first, a systematic assessment
of DFT methods for the computation of *Ni chemical shifts
is presented, calling special attention to the use of generalised
gradient approximation (GGA) versus hybrid functionals. Next,
our experimental efforts to record the *Ni NMR spectrum of
2 are summarised, followed by a brief discussion of phosphine
complexation and electric field gradients at the metal centre.

3.1 Validation of the DFT methods

In addition to complex 1, the test set of this study comprises the
compounds 4-11 depicted in Scheme 2, which essentially cover the
whole known range of *' Ni chemical shifts. Salient BP86-optimised
geometrical parameters for 1-11 are collected in Table 1, together
with experimental data from gas-phase electron diffraction®*
or X-ray crystallography**343 where available. In general, the
theoretical data compare favorably to the experimental values,
with bond lengths typically agreeing to a few pm. Optimised bond
distances tend to be overestimated, as is frequently observed with
DFT results for transition metal complexes.®” The agreement with
experiment could probably be slightly improved by using a recent
hybrid meta functional instead of BP86 in the optimisations.* For
consistency with previous studies on first-row transition metal
NMR parameters, however, we continue to use BP86 geometries.

The latter were subsequently employed as inputs for NMR
chemical shift computations at the GIAO-BPW91 and GIAO-
B3LYP levels. These levels were chosen for compatibility with our

o)
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Scheme 2

previous work on transition metal chemical shifts and should be
representative for other GGA and hybrid functionals, respectively.
For *Cr, for instance, magnetic shieldings have been found to be
very similar at the GIAO-BPW91 and GTAO-BP86 GGA levels,*
and, for 6(**Mn), the B3LYP and mPW1PW91 hybrid functionals
have shown a like performance.” When the *Ni chemical shifts
were referenced directly to the experimental standard, Ni(CO),
(4), and plotted vs. the experimental data, the resulting slopes of

Table 1 Optimised geometrical parameters for Ni complexes 1-11 (bond distances and angles in A and degrees, respectively), together with experimental

values, where available

Molecule Symmetry Parameter BP86/AE1 Expt Ref.
Ni(t,t,t-cdt) (1) D, Ni-Cl1 2.047 2.024(2) 3
Cl=C2 1.403 1.372(5)
X1-Ni-C1-X2* 58.2 59.0
Ni(c,c,c-cdt) (2) C; Ni-Cl1 2.043 2.119(6)° 4
Ni-C2 2.070 2.298(12)
C=C 1.405 1.440(12)°
X1-Ni-C1-X2? 85.9
Ni(C,H,); (3a) Dy, Ni-C 2.053
C=C 1.400
Ni(CO), (4) T, Ni-C 1.829 1.825(2) 32
Ni(C,H,),(PMe;) (5) C; Ni-Cl 2.008 2.000(2) 36
Ni-C2 2.011 2.015(2)
Ni-P 2.177 2.238(1)¢
Cl=C2 1.412 1.383
Ni(cod), (6) C, Ni-Cl1 2.121 2.124(9) 35
Ni-C2 2.140 2.124(9)
Cl=C2 1.401 1.391(2)
Ni(t,t,t-cdt)(CO) (7) C; Ni-Cl1 2.143
Ni-C2 2.176
Ni-C(0) 1.789
Cl=C2 1.392
Ni(t,t,t-cdt)(PMe;) (8) C; Ni-Cl 2.103 2.091 34
Ni-C2 2.146 2.128
Ni-P 2.221 2.238¢
Cl=C2 1.400 1.372(5)
Ni(PF;), (9) T Ni-P 2.107 2.099(3) 33
Ni(PMe;), (10) T Ni-P 2.180
Ni(PCLy), (11) T, Ni-P 2.154

“cod = 1,5-cyclooctadiene, c,c,c-cdt and t,t,t-cdt denote all-cis- and all-trans-1,5,9-cyclododecatriene, respectively. ® X1 is a point on the threefold axis,
X2 the midpoint of the C=C double bond. ¢ CH=CH and CH,~CH, bonds disordered. ¢ Bulkier phosphine used experimentally (see references).

This journal is © The Royal Society of Chemistry 2009
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the linear regression lines were ca. 0.8 and 0.9 at the BPW91
and B3LYP levels, respectively. As in all cases studied before,
inclusion of Hartree—Fock (HF) exchange increases the param-
agnetic contributions to the shielding constants proportionally,
thus increasing the J../d., slope. The preliminary results for
S'Ni chemical shifts suggested that raising the amount of HF
exchange in the functional (which is 20% in B3LYP) could bring
this slope even closer to the ideal value, unity. This expectation
was borne out by subsequent GIAO-BHandHLYP computations
(with 50% HF exchange), which afforded a near-ideal slope. In
the “raw” (i.e. directly referenced) hybrid DFT data, however,
systematic offsets with respect to experiment became apparent, as
all computed 6 values were too strongly shielded by ca. 300 and
500 ppm at B3LYP and BHandH levels, respectively. Apparently,
HF exchange increases the paramagnetic contributions in 4 far
too much compared to the other complexes.

In view of this problem with the standard, it was decided to
adopt an alternative referencing scheme. As in cases where the
actual standard is difficult or impossible to compute (e.g. when it
is highly charged™* or when just a standard frequency is used"*),
the reference shielding for ®Ni NMR was obtained from a linear
regression of computed o vs. experimental & values (excluding 4
from this analysis). The resulting o(standard) values are given in
section 2.1, and the corresponding chemical shifts are summarised
in Table 2 and plotted versus the experimental data in Fig. 1.

The various density functionals are best assessed in terms
of mean absolute deviations (MAD) from experiment and by
the slopes of the corresponding linear regression lines (last two
entries in Table 2). By these criteria, the BPW91 functional
is clearly inferior to the two hybrid variants, as it affords the
smallest slope (0.85) and the largest MAD (>100 ppm). The
performance of B3LYP and BHandHLYP is quite similar, the
former somewhat underestimating the slope (0.93), the latter
slightly overestimating it (1.04), and both have comparable MADs.
Because the mean error of B3LYP (65 ppm) is slightly smaller
than that of BHandHLYP (73 ppm), and for consistency with the
majority of transition metal nuclei studied so far, we recommend
the B3LYP functional for the computation of ' Ni chemical shifts.
This nucleus thus fits nicely into the pattern established so far,
according to which it is the centre of each transition row where

Table 2 Theoretical ® Ni chemical shifts, computed using BP86 geome-
tries, GIAO-DFT methods, basis II’, together with experimental data“

Molecule BPWO1 B3LYP BHandHLYP  Expt.
Ni(t,t,t-cdt) (1) 181 201 202 206
Ni(CO), (4) 61 284 548 0
Ni(C,H,),(PMe;) (5) —-865 -937 -973 —866
Ni(cod), (6) 709 802 1015 937
Ni(t,t,t-cdt)(CO) (7) 657 760 832 747
Ni(t,t,t-cdt)(PMe;) (8) 757 854 969 922
Ni(PF;), (9) 708 —738 -824 -929
Ni(PMe;), (10) 15 23 0 40
Ni(PCLy), (11) 312 245 150 267
slope® 0.85 0.93 1.04

MAD* 101 65 73

“ Magnetic shielding constant of the standard evaluated via Gec VS. O
correlations, see text; experimental data from ref. 11. ? Slope of the &,
VS. Oup linear regression line (excluding 4).  Mean absolute deviations
between experimental and computed chemical shifts (excluding 4).

S(®'Ni) calc.

T T T T T
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Fig. 1 Plot of GIAO-DFT computed vs. experimental *Ni chemical
shifts, including linear regression lines (dashed, excluding the data point
for 4 at 8., = 0) and the ideal line with the slope 1 (solid).

GGAs perform best (e.g. for **Cr in the 3d series),*” and the later
metals where HF exchange is beneficial (e.g. for *Mn and ¥'Fe).!5*4

The MAD of 65 ppm achieved with B3LYP corresponds to
3.5% of the total chemical shift range covered, a rather respectable
accuracy for present-day DFT. The improvement over the GGA,
however, comes at the expense of the description of the standard,
4, which deteriorates with the amount of HF exchange included
(see the data point at J., = 0 in Fig. 1). In order to probe if
rovibrational corrections could affect this result, we computed
zero-point contributions to the magnetic shieldings of 4 and 9
(of which the latter is a representative phosphine complex at

6040 | Dalton Trans., 2009, 6037-6044
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the shielded end of the ®Ni chemical shift scale). Inclusion of
anharmonicity corrections to the geometrical parameters via an
established perturbational scheme * decreases the o values of the
metal in 4 and 9 by —54 and —26 ppm, respectively (affording so-
called “effective” o.; values). These are relatively minor changes,
suggesting that evaluating these corrections to the whole test set
(i.e. going beyond the static equilibrium shifts discussed so far)
would alter the results only marginally.

To summarise this part, the combination of BP86-optimised
geometries, B3LYP-derived magnetic shielding constants and an
indirect referencing scheme has emerged as a practical tool to
compute “Ni chemical shifts. With this protocol, the literature
value of 1, 8(*'Ni),, = 206 ppm, is reproduced within a few ppm
(see Table 2), and the *'Ni chemical shift of 2 is predicted to be
shifted upfield by 669 ppm, at §(°'Ni).,,. = —468 ppm. We now turn
to our attempts to verify this prediction experimentally.

3.2 °'Ni NMR studies

The recording of *“Ni NMR spectra is extremely challenging for
several reasons. The natural abundance of the magnetically active
isotope is low (1.19%), the receptivity is only about 1/5 of *C and
because of the large quadrupole moment of “Ni unsymmetrical
complexes exhibit extremely broad signals (up to several kHz).
Moreover, the low resonance frequency of 8.936050 MHz [v('H) =
100 MHZz] leads to technical problems while recording the spectra.
The samples of 1 and 2 in [Ds]benzene had to be stabilised
by adding 0.5 equivalents of di-zert-butylisopropylphosphine to
prevent the formation of metallic nickel.

'Ni chemical shifts are solvent dependent. Tetrakis(trimethyl-
phosphine)nickel(0) 10 which is frequently used as a reference in
S'Ni NMR (instead of the toxic Ni(CO),) exhibits a *Ni NMR
signal (with respect to Ni(CO),) at 40 ppm in [Ds]THF"? and
at 15.2 ppm in [Ds]toluene.™ We observed the characteristic
quintet of 10 in [D4]benzene at 35 ppm (‘J(P, Ni) = 287 Hz,
Vi, = 20Hz). The less symmetric Ni-all-trans-cyclododecatriene 1
resonates at 75 ppm with a much broader signal (v,,, = 3.9 KHz).
The seemingly large deviation from the value determined by Benn
et al. (206 ppm in [Dg]THF) is probably due to solvent effects.
For the sample expected to contain Ni-all-cis-cyclododecatriene,
2, a very broad signal (v,,, = 8.9 kHz) at 22 ppm was observed
which is about 50 ppm upfield as compared to the all-frans isomer.
While the broadening and the upfield shift are expected for the all-
cis-isomer, 2, the absolute value of the shift deviates considerably
from the calculated value.

3.3 Phosphine addition and electric field gradients

A possible explanation of the apparent discrepancy between
predicted and observed “Ni chemical shifts of 2 could be that
a different species is present under the experimental conditions.
In particular, the bulky phosphine added to improve the stability
of the solution might interact more strongly with 2 than with 1.
That the phosphine does not coordinate to 1, at least not to any
significant extent, is obvious from the absence of a substantial
downfield shift of the “Ni resonance from the literature value
(a strong downfield shift is to be expected upon phosphine
coordination, ¢f. the data in Table 2 for 1 and its PMe; adduct,
8). In 2, however, where the metal is somewhat more exposed to

one side, steric hindrance toward phosphine coordination might
be less pronounced than in 1, and population of adducts of
the type Ni(c,c,c-cdt)[P(1Bu),(iPr)], e.g. in an equilibrium, might
become noticeable.! Because the observed *'P NMR signal of the
phosphine is unchanged in the presence of Ni(cdt) complexes, such
a scenario would require either a zero complexation shift of the *'P
resonance, or a very small amount of such phosphine complexes
and, concomitantly, a huge difference in 6(°'Ni) between these
phosphine complexes and free 2. In order to explore these
possibilities, we have optimised a few representative adducts of
this kind and computed their *'P and “Ni chemical shifts. We
did not perform full conformational analyses (e.g. concerning the
possible orientations of the /Pr groups*), trusting that the *'Ni
NMR parameters, in particular, will not depend drastically on
such structural details more than two bonds away from the metal.

For the all-trans species, 1, a four-coordinate minimum with
intact n°-bonding of the olefin can be located (12, Fig. 2). At the
uncorrected BP86/AE]l level, i.e. without corrections for basis-set
superposition error, zero-point energies and entropies (which all
would serve to disfavor formation of the phosphine complex), the
phosphine in 12 is computed to be unbound by 7.9 kcal mol™!

13b (5 = 415)

Fig.2 Optimised Ni(cdt)-P(1Bu),(iPr) adducts (methyl and methylene H
atoms omitted for clarity), together with GIAO-B3LYP computed *'Ni
chemical shifts.
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with respect to free 1 and P(tBu),(iPr). At 6 = 1233 ppm, the Ni
atom in 12 is predicted to be even more deshielded than that in the
PMe; parent 8, underscoring that 12 is not formed in the NMR
experiments.

As expected,* no such four-coordinate minimum can be located
for the corresponding all-cis form, where the phosphine spon-
taneously dissociates during the optimisation. The most stable
isomer with reduced hapticity of the olefin that could be located is
Ni(n*-c,c,c-cdt){P(sBu),(iPr)} (13a, Fig. 2), with a raw phosphine
binding energy of +3.5 kcal mol™ at BP86/AEI (+0.8 kcal mol™ at
B3LYP/II), relative to free 2 and P(rBu),(iPr). For 13a, §(°'Ni) =
—55 ppm is obtained, noticeably shielded from that in 1 with
6(°'Ni) = 200 ppm (Table 2). The rather large difference between
13a and the formally analogous bis(olefin)phosphine complex 5
(0 = =900 ppm) is noteworthy. Among other substituent effects,
the different degree of twisting of the olefin moieties may be
responsible for this result: whereas the olefinic C atoms are
essentially within the trigonal coordination plane in 5, they are
significantly twisted in 13a (¢f° the P-Ni—-C-C dihedral angles
of ca. 180 and 145° in 5 and 13a, respectively), much like the
difference between 1 and 2 discussed above. Population of 13a in
rapid equilibrium with 2 could shift the 6(*'Ni) value of the latter
(—468 ppm) to more positive values. However, in order to approach
the observed ' Ni resonance initially ascribed to 2 (ca. +20 ppm),
such an equilibrium would have to be shifted far to the side of
13a. This possibility can be excluded because, in that case, the
complexation shift of the *'P resonance would be noticeable: the
3P nucleus in 13a is predicted to be deshielded by 25 ppm relative
to that in the free phosphine, a substantial amount that would not
go unnoticed.

If, upon substitution of more coordinated olefins by phosphines,
the Ni nucleus would become more deshielded, a smaller fraction
of such complexes in an equilibrium with 2 could account for
the observed ®'Ni resonance. Indeed, 6 = 415 ppm is predicted
for a representative Ni(n?>-c,c,c-cdt){P(rBu),(iPr)}, complex (13b,
Fig. 2), implying that more than 50% of 13b would be necessary
in equilibrium with 2 to reproduce the observed chemical shift.
Such a situation is highly unlikely, however, given the pronounced
endothermicity of the formation reaction according to

2 + 2 P(tBu),(iPr) — 13b; AE = + 15.9 kcal mol™
(BP86/AE1), )

and the substantial entropic penalty expected.® The latter
would favor olefin dissociation in 13b affording free c,c,c-cdt
and Ni{P(sBu),(iPr)},, a process that is already exothermic by
4.4 kcal mol™ (BP86/AEI level). The latter bis(phosphine) nickel
complex* has a computed *Ni chemical shift of —1649 ppm, far
outside the observed range.

In summary, there is no evidence that the added bulky phosphine
could react with 2 to an extent that would alter the expected * Ni
chemical shift significantly.

What, then, is the reason for the apparent discrepancy between
theory and experiment concerning 8(*'Ni) of 2? An answer to this
question can be found by taking the line widths of the NMR
signals into account. As with many other transition metal nuclei,
quadrupolar line broadening can be a serious obstacle for ' Ni
NMR, because signals for large complexes of low symmetry
can be undetectably broad. When relaxation is dominated by

Table3 Computed EFGs® of the Ni nucleus in Ni complexes. In
parentheses: squared values relative to 1

Molecule q-- q-(rel.)?
Ni(t,t,t-cdt) (1) 0.153 1)
Ni(c.c.c-cdt) (2) 1.358 (79)
Ni(C,H,),(PMe) (5) 0.963¢ (40)
Ni(cod), (6) 0.066¢ 0.2)
Ni(t,t,t-cdt)(CO) (7) 0.221 ©)
Ni(t,t,t-cdt)(PMes) (8) 0.276 3)

“Largest components ¢.. of the EFG tensor (in au), B3LYP/II'//
BP86/AEIl level; n = 0 except where otherwise noted. ° Relative values
with respect to 1. <11 = 0.20. “n = 0.87.

the quadrupolar mechanism, the line width Av,,, should be
proportional to:*

Avip e g’ (1+17°/3) 7. @)

that is, it should depend on g¢.., i.e. the largest component of the
electric field gradient (EFG), on the asymmetry parameter, 1,
defined as (¢, — ¢,,)/¢.-, and on the molecular correlation time
7., which measures the orientational mobility of a molecule and
usually increases with molecular size. The factor (1 + 1?/3) in eqn
(2) can only assume values between 1 and 1 1/3 and is therefore not
expected to govern trends covering orders of magnitude. In some
instances, e.g. for ® Tc, computed EFGs have been successfully used
to rationalise trends in observed line widths.* For consistency
with the chemical shift calculations discussed above, the EFG
computations employed the B3LYP functional, affording the
results summarised in Table 3.

The smallest EFG in this set is found for 6 with its near-
tetrahedral placement of the four olefin moieties about the metal
(for the truly tetrahedral complexes 4 and 9-11, the EFG is zero by
symmetry). D;-symmetric 1 and its C;-symmetric adducts 7 and
8 are also characterised by fairly small EFGs (around ca. 0.2 au,
Table 3). In contrast, a much larger ¢.. value, larger by almost
an order of magnitude, is predicted for 2. Because g¢.. enters the
expression in eqn (2) in the form of its square, the line width to be
expected for 2 should be nearly eighty times as wide as that of 1, all
other conditions being equal (see ¢..*(rel) values in parentheses in
Table 3). A substantial EFG, albeit smaller than that of 2, is also
found for the bis(ethylene) complex 5. In this case, it is probably
the smaller size of the complex and, hence, the shorter correlation
time, 7., that makes the *'Ni resonance recordable.

From the computed EFGs and the observed line width of the
"Niresonance of 1, 3.9 kHz (see section 3.2), the signal for 2 should
be more than 0.3 MHz broad, clearly too wide to be detected.
It thus appears likely that the resonance at 6(°'Ni) = 20 ppm
ascribed to 2 actually originates from traces of its precursor 1
that are still present in the sample (as evidenced, e.g., by the BC
NMR spectra). The difference between this chemical shift and
the one of a solution of pure 1, (' Ni) = 75 ppm under the
same conditions (section 3.2), may be ascribed to variations in
concentration and composition of the two samples. This leads
to the somewhat sobering conclusion that the *Ni nucleus in 2
is, for all practical purposes, essentially NMR-silent, and that
the difference between 8(°’Ni) of 1 and 2 predicted by DFT still
awaits its experimental confirmation. From the performance study
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in section 3.1, however, there is little doubt that this computational
prediction is reliable, at least qualitatively.

4 Conclusions

According to a systematic performance study of representative
DFT methods for the computation of ®Ni chemical shifts, hybrid
functionals such as the popular B3LYP combination are superior
to BPW91, a pure GGA functional, which clearly underestimates
substituent effects on the 6(°'Ni) values. Because the magnetic
shielding constant of Ni(CO),, the standard for ' Ni NMR, shows
an unusually strong sensitivity toward the particular functional
used, an indirect way of referencing the computed relative *'Ni
chemical shifts is recommended. Using this protocol, experimental
6(°'Ni) values can be reproduced, on average, with an accuracy of
ca. 70 ppm.

On going from the all-trans cyclododecatriene complex, 1, to the
all-cis isomer, 2, models to study the alleged ring-current effects
in the parent ethylene complex, 3, the °'Ni nucleus is predicted
to be shielded by nearly 700 ppm. Attempts to confirm this
result experimentally were thwarted by the apparent failure to
record the ®Ni NMR signal of 2. A signal initially ascribed to
this species is most likely due to traces of 1 that are still present
along with 2. Key DFT results supporting this interpretation are
the computed electric field gradients at the metal, which increase
sharply on going from 1 to 2. Based on these data and the expected
quadrupolar relaxation mechanism, an undetectably broad *'Ni
NMR line is predicted for 2.

Thus, DFT-computed ¢ Ni chemical shifts and EFGs constitute
a valuable complement to ®Ni NMR spectroscopy, as they allow
for a consistent interpretation of the experimental results. The
present study has shown once more how quickly the limits of ' Ni
NMR experiments are reached and how one can safely resort to
DFT computations in such cases.
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