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A detailed nuclear magnetic resonance (NMR) study was carried out on a series of paramagnetic, tetrahedrally
coordinated nickel(ll) dihalide complexes featuring chelating guanidine ligands. A complete assignment of the NMR
signals for all complexes was achieved by sophisticated NMR experiments, including correlation spectra. The effects of
halide exchange, as well as the variation in the guanidine—metal bite angles on the paramagnetic shifts, were
assessed. The paramagnetic shift was derived with the aid of the diamagnetic NMR spectra of the analogous Zn
complexes, which were synthesized for this purpose. The experimentally derived paramagnetic shift was then
compared with the values obtained from quantum chemical (DFT) calculations. Furthermore, variable-temperature
NMR studies were recorded for all complexes. It is demonstrated that NMR spectroscopy can be applied to evaluate
the rate constants of fast fluxional processes within paramagnetic and catalytically active metal complexes.

1. Introduction

Since the development of transition-metal complexes as
powerful homogeneous catalysts in numerous reactions,
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there is a growing demand for potent tools to analyze the con-
formational structure and dynamics of active species in sol-
ution during reaction. For diamagnetic compounds, nuclear
magnetic resonance (NMR) techniques generally allow
determination of the three-dimensional (3D) structure and
analysis of the fluxional processes in solution. Many
catalysts, involving heavier transition metals, are diamag-
netic and permit the use of an arsenal of modern NMR
techniques. However, the common paramagnetism of
related compounds of less-expensive metals of the first
transition row, which become increasingly important for
catalysis,' often hinders NMR analysis.

Paramagnetic substances may lead to NMR spectra over a
large chemical shift range with considerable signal broadening.
Signal assignment is difficult and the fast relaxation hampers
the use of complex pulse sequences (e.g., most two-dimen-
sional (2D) techniques). Although many researchers limit
the use of NMR spectroscopy to diamagnetic substances, in
the last decades, advances in theory, computer performance,
and NMR instrumentation have made it possible to ana-
lyze paramagnetic complexes by NMR in more detail. For
these experiments, the electron—nucleus interaction must be
taken into account. Until now, a variety of metal complexes of
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paramagnetic first-row transition metals have been charac-
terized by NMR spectroscopy.”” '’ The method became
important in the characterization of complexes of metals
such as cobalt and iron (e.g., in metalloporphyrins’ or
Rubredoxin®), as well as nickel(IT).” One should particularly
mention the extensive research on paramagnetic hemes
and heme proteins, as well as metalloporphyrins carried
out by LaMar et al. and by Walker et al.'®'! In the field
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Guanidines and %uanidinates are well-established as versa-
tile ligand systems.'® > We are interested in the properties
of nickel(Il) complexes bearing strong o-donor guanidino
groups bridged by aromatic units of different size, which are
potential precatalysts (¢.g., in olefin polymerization reactions).
We recently reported the syntheses of some new nickel-
(Ihalide complexes featuring the bisguanidines btmgb
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Scheme 1. Bisguanidine Complexes Studied in This Work
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(N,N'-bis-tetramethylguanidino-benzene),”® btmgn (N,N'-
bis-tetramethylguanidino-naphthalene)*” and btmgbp (N,N'-
bis-tetramethylguanidino-biphenyl)*® as chelating ligands.”
Therein, we describe the structural, electronic, and magnetic
properties of the chloro- and bromo-complexes [(btmgbp)NiX]
(1) and [(btmgn)NiX5] (2) (see Scheme 1), as well as those of
[(btmgb)NiX,] (X = Cl or Br). In addition, we analyzed the
fluxional processes of a series of related diamagnetic Zn, Mg,
and Al complexes of the btmgn and btmgb ligands, using
variable-temperature NMR spectroscopy, combined with
line shape analysis, to determine the rate constants and acti-
vation enthalpies of the dynamic processes.*

Here, we report on a comprehensive '"H and '*C NMR
analysis of the paramagnetic nickel(II) complexes 1 and 2, as
well as 3 (see Scheme 1), where the latter features the bridged
guanidine bdmegb (N,N'-bis-dimethylethyleneguanidino)-
benzene).?! The complexes were chosen to analyze the effect
of variations of the N—Ni—N bond angle and halide on the
paramagnetic NMR shifts. To understand the fluxional pro-
cesses of these complexes, we combined paramagnetic NMR
spectra (including high-resolution '*C—"H correlation ex-
periments) with density functional theory (DFT) calculations
to assign all signals unambiguously. This analysis is the pre-
requisite for the subsequent investigation of the dynamic
behavior of the compounds. Most importantly, the kinetics
of fast fluxional processes within the paramagnetic com-
plexes—namely, the flipping of the metal from one side of
the ligand aromatic plane to the other—is studied in detail
via dynamic NMR. It is shown that NMR can be used
to study fast fluxional processes in paramagnetic com-
pounds at relatively high temperatures (because of the
large signal dispersion). This could lead to the situa-
tion that a fluxional process involving the ligand can be
observed in paramagnetic complexes, but not in related
diamagnetic complexes.

2. Theoretical Background

As sketched in Scheme 1, all of the presented complexes
exhibit a distorted tetrahedral coordination geometry that
leads to an S = 1 ground state, in agreement with magnetic
measurements (SQUID) and the results of quantum chemical
(DFT) calculations.?’ The SQUID experiments also indicate
that, in the temperature region of the NMR experiments (—90
to 30 °C), no spin crossover has to be expected (tetrahedral
versus square planar), at least in the solid state.

The assignments of the NMR signals lean on the physico-
mathematical background of hyperfine coupling between the

(30) Reinmuth, M.; Wild, U.; Rudolf, D.; Kaifer, E.; Enders, M.;
Wadepohl, H.; Himmel, H.-J. Eur. J. Inorg. Chem. 2009, 4795-4808.

(31) Roquette, P.; Konig, C.; Hiibner, O.; Wagner, A.; Kaifer, E.; Enders,
M.; Himmel, H.-J. Eur. J. Inorg. Chem. 2010, 4770-4782.
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unpaired electron and the observed nuclei, as outlined briefly
in the following.
The experimental chemical shift follows eq 1,233

S(S+1)B, 4

60bs,T = éorb“’éHF,T = 60rb+ 3kTVN (1)

where S is the spin multiplicity, . the Bohr magneton, yy the
nuclear gyromagnetic ratio, and g the g-tensor, and A the
hyperfine tensor. The observed chemical shift (d,ps,7) can be
expressed as the sum of the temperature-independent orbital
term (Oop) and the temperature-dependent hyperfine term
(Onr.7). The orbital term is analogous to the shift of diamag-
netic compounds and can be estimated experimentally with
the help of closely related closed-shell molecules (e.g., Zn
complexes in this work; see below) or from quantum me-
chanical calculations. The hyperfine shift (O, 7) depends on
g and A, which also are relevant for electron paramagnetic
resonance (EPR) spectroscopy. Both g and A can be
written as 3 x 3 matrices with isotropic and anisotropic
tensors. The product of the two matrices gives a variety of
terms, some of which are purely isotropic, purely aniso-
tropic, or both isotropic and anisotropic. Although this
leads to many contributions to the hyperfine term (Oyf,7),
some of which are difficult to determine purely on the basis
of experiments, many experimental data have shown that
two terms—namely, the Fermi-contact term (J.o,) and the
dipolar interaction—dominate the paramagnetic shift,
even for § >/, systems.>>3%* DFT calculations, apply-
ing the recent general theory of the chemical shift in
paramagnetic compounds, support these experimental
observations.** Consequently, the hyperfine term can be
approximated by eq 2:

6HF, T= écon + 6dip (2)

The strong distance dependence of the dipolar contribution
leads to dipolar shifts® of a few ppm only for atoms further
apart from the paramagnetic center, which is usually the metal
atom. Consequently, the Fermi-contact term may dominate
the chemical shift if organic ligands are covalently bound to
metals with unpaired d-electrons.

The Fermi-contact term (J,p) is transmitted through cova-
lent chemical bonds and induces residual s}pin density pqg,
which is directly proportional to dgon:>*>>>

2.2
Mok ge” (S +1)
6con = Tﬁoaﬁ (3)

Herein, u, denotes the permeability of a vacuum (47 x 10~
N/A), ug the Bohr magneton (9.274015 x 1072* J/T), g the
free-electron g-factor (gg = 2.0023), S the total spin, k the
Boltzmann constant (1.380658 x 10~2* J/K), and T the abso-
lute temperature (in Kelvin). Therefore, the relationship between

(32) Bertini, I.; Luchinat, C.; Parigi, G. Solution NMR of Paramagnetic
Molecules—Applications to Metallobiomolecules and Models; Elsevier:
Amsterdam, 2001.

(33) Jesson, J. P. The Paramagnetic Shift. In NMR of Paramagnetic
Molecules— Principles and Applications; La Mar, G. N., Horrocks, W. DeW., Jr.,
Holm, R. H., Eds.; Academic Press: New York, London, 1973.

(34) (a) Pennanen, T. O.; Vaara, J. Phys. Rev. Lett. 2008, 100, 133002.
(b) Liimatainen, H.; Pennanen, T. O.; Vaara, J. Can. J. Chem. 2009, 87, 954-964.

(35) The molecular tumbling in solution leads to an averaged dipolar shift
contribution, which is often named pseudocontact shift.
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the Fermi-contact shift and the spin density can be expressed as
a collection of physical constants:

Shapy (@

6con =m
with

_ Houp’gE’
9%k

In the constant m, the conversion factor from the SI unit to
atomic units (¢ = 52.9177 x 10~'>m) and to ppm was taken
into account.*’ This formula is strictly only valid for systems
without zero-field sphttlng, which may not deviate from Curie-
type (1/T) behavior.*** However, Kurland and McGarvey
have noted that the Fermi-contact shift (described by eq 4),

even in the presence of zero-field splitting, may still be a good
approximation.’® This is important because all complexes
studied in this work show a significant zero-field splitting of
20-30cm "

The proportionality between the Fermi-contact shift and
the spin density leads to a distinct shift pattern in the NMR
spectra, which depends on the nature of the atomic orbitals
interacting with their neighbors. The spin density may be
delocalized through the skeleton of the ligand either by o- or
m-bonds. In many cases, the signals of the observed nuclei
alternate in the way high-field—low-field—high-field or vice
versa, resulting from an alternating spin density at each nu-
cleus. Particularly in heteroaromatic ligands, this effect is
very distinctive. Therein, the spin density in the p, orbital of a
carbon atom affects the distribution of the two paired elec-
trons in the sp>-orbital at this carbon (e.g., of the C—H bond)
in such a way, that the spin density on the adjacent proton is
of opposite sign. Moreover, the spin density at the next adja-
cent aromatic carbon is also of opposite sign. As a result, the
spin densities of two neighboring hydrogen atoms have oppo-
site signs.

The observability of NMR transitions in paramagnetic
molecules depends on the relaxation behavior of the mea-
sured NMR nucleus, which itself is strongly dependent on the
electron relaxation rate and the magnetic interaction between
the electron and nuclear spin. As a rule of thumb, well-resolved
NMR lines can be obtained when the electron spin—lattice
relaxation rate (7). ") is fast, compared to the electron—nu-
cleus hyperfine interaction 4.*” Very narrow NMR lines are
possible when Ty, ~ (4/h)?, which is the case for several
high-spin Co(II) and Ni(II) complexes (T;. ~ 10'* 5).%®
Typically, the NMR linewidths within one NMR spectrum
increase as the paramagnetic shift contribution increases. How-
ever, additional line broadening of some signals may occur,
because of efficient dipolar electron—nucleus relaxation. In
the fast motion limit, the nucleus relaxation rates 7,y ' and
Toy ! are eq]ual and can be determined from the signal line
width (Toy~ = 7Av, ). From eq 6, it is obvious that the

= 23.5x 10 ppm K a.u.”! (5)

(36) Kurland, R. J.; McGarvey, B. R. J. Magn. Reson. 1970, 2, 286-301.

(37) (a) The condition T}, ' > A/h is necessary to collapse the multiplet
structure of the NMR transition. This criterion is necessary but does
not guarantee narrow NMR lines. For a comprehensive discussion, see:
(b) refs 2a or 33.

(38) Bertini, I.; Luchinat, C. In NMR of Paramagnetic Molecules in
Biological Systems; Benjamin/Cummings: Menlo Park, CA, 1986.

(39) Swift, T. J. The Paramagnetic Linewidth. In NMR of Paramagnetic
Molecules— Principles and Applications; La Mar, G. N., Horrocks, W. DeW., Jr.,
Holm, R. H., Eds.; Academic Press: New York, London, 1973.
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Figure 1. '"H NMR spectrum at 600 MHz (top) and "*C{'H} NMR
spectrum at 150 MHz (bottom) for 1a (22 °C, CD,Cl,; “S” and “L”
respectively denote signals from the solvent and traces of uncoordinated
ligand).

dipolar relaxation rate depends on r~® (r is the through-space
distance between the unpaired electron and the observed
nucleus).*” This strong distance dependence allows the as-
signment of additionally broadened NMR signals to nuclei
close to the metal center.

1 1 4S(S+ 1)y 2B The

= = 6
Tiwy  Tow rf ©)

3. NMR Experiments and Signal Assignment

All the paramagnetic Ni(IT) complexes in this study give
well-resolved NMR spectra. This is due to a fast electron
relaxation and, consequently, a relatively slow NMR relaxa-
tion, as outlined above. All expected "H NMR signals are ob-
served with relatively narrow line widths (e.g., 20— 180 Hz for
la at 22 °C) The advantageous relaxation behav1or of the Ni
complexes also allows the direct detection of '*C NMR spec-
tra. Optimized repetltlon times in combination w1th a cryo-
genically cooled "*C detection probe leads to good *C NMR
spectra within 5—60 min (see the Experimental and Compu-
tational Details section for details). The following discussion
and signal assignment is based on the analysis of chemical
shifts, intensities, relaxation behavior, and C,H correlation
data, as well as DFT calculated spin density distributions.

1a and 1b. Figure 1 displays the '"H and '°C NMR
spectra recorded for 1a (see Supporting Information for
VT-NMR experiments). At 22 °C, the 'H NMR spectrum
consists of a broad signal at 42.2 ppm for Me' and two
groups of resonances, of which the larger exhlblts mamma
at 18 9,12.9, and 4.5 ppm, attributable to Me®, Me?, and
Me?, respectively. The aromatic backbone of the llgand is
respons1ble for the second, less-intense group of signals.
Herein, the signals at 19.9 and 17.4 ppm, as well as those
at —8.5and —9.4 ppm, can be assigned to H?, H®, H*, and
H”, respectively. The integral ratio of 3:1:3:1:3:3:1:1 is in
good agreement with the overall number of 32 protons in
the C, symmetry molecule. As outlined previously, the
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Table 1. Chemical Shift (0) and Longitudinal (Spin—Lattice) Relaxation Time (77) for 'H at —40 °C (200 MHz, CD,Cl,)
la 1b 2a 2b 3a 3b

O[ppm]  Ti[ms] O[ppm]  T)[ms] O[ppm]  7y[ms] O[ppm] Ti[ms] O[ppm] Ti[ms] S [ppm] 7, [ms]
H® —13.2 27.3 —16.0 49 -7.9 29.9 —-11.0 11.1 9.2 63.2 9.8 62.7
H? 23.7 137.3 23.4 69.4 29.7 231.5 29.8 125.0 5.4 a 4.7 354.5
H” —13.9 268.4 —14.2 83.4 -12.7 170.5 -10.7 74.0
H? 21.0 78.5 20.3 66.9
Me! 55.7 3.5 36.8 2.8 64.4 4.0 433 22
Me? 16.0 29.4 17.4 18.0 32.0 28.3 34.0 17.2
Me? 23.1 98.6 23.0 52.9 38.9 69.2 37.8 40.4
Me* 3.7 50.1 6.4 27.5 19.0 23.6 21.2 9.6
Me 57.9 8.9 52.1 12.6
—CH,— 59.3 43.7 63.7 81.5
—CH,— 59.6 52.5 67.1 88.0

“ At —40 °C, the measurement of 7 is hampered due to overlapping of the resonance with the signal due to the CD,Cl, solvent.

Fermi-contact interaction governs the observed chemical
shifts in the case of the aromatic protons. The spin density
residing in the aromatic ring system (see Figure 9, pre-
sented later in this work) leads to a deshielding of the
proton next to the paramagnetic center (H*) and, thus, to
a low-field shift of this resonance. In addltlon this 51gnal
becomes relatively broad (compared to H? and H°), in
accordance with a shorter distance to the unpaired elec-
trons at the Ni(II) and, hence, a faster dipolar relaxation
of the "H nuclei. Because of the ~® dependence of the
dipolar relaxation, this effect is much weaker for the other
"H resonances. An even number of bonds connect the
metal with the atoms of H*. Therefore, the second high-
field shifted peak must be assigned to H” (also for an even
number of bonds). The chemical shifts, as well as the line
widths, of the signals due to H” and H are similar.

For diamagnetic systems, the observation of homo-
nuclear J-coupling in the H,H-COSY spectra is often
used for verification of the assignment. However, the
observation of cross peaks in 2D spectra of paramagnetic
compounds is generally hampered by fast relaxation pro-
cesses. The spin system may relax completely during the
evolution time. The evolution time needed for the ob-
servation of cross peaks is proportional to J . Thus, only
large couplings are observable when short evolution times
are used. In the case of 1a, the relatively slow relaxation of
the aromatic protons, combined with a *J-coupling con-
stant of ~6 Hz, allows for the detection of cross peaks in
H,H-COSY experiments (see the Supporting Information).
Therefore in this way, the 'H resonances that are due to
H” and H‘ of 1a can be assigned unambiguously.

For a definite assignment of the Me protons, the orien-
tation of the guanidino moieties must be taken into account.
Because of restricted rotations around the C—N bonds,
all methyl groups within a guanidino unit are inequiva-
lent, resulting in a total of four resonances in the 'H NMR
spectra. Hereby, the dipolar interaction between the 'H
nuclei and the metal-centered electron spins (¢ depen-
dence of nuclear relaxation; see above) causes faster relax-
ation of the H atoms, which are close to the Ni(II) center.
Consequently, the signal at 42.2 ppm should belong to the
methyl group Me'. The assignment of the remaining three
signals is achieved with the aid of quantum chemical (DFT)
calculations, as discussed below. The resonance with the
smallest hyperfine shift (located in the “diamagnetic re-
gion”, i.e. & = 0—10 ppm) can then be assigned to Me*
(0 = 4.5 ppm). The signals at 18.9 and 12.9 ppm are

assigned to Me® and Me?, respectively. The assignment is
supported by the observed T relaxation times, which are
listed in Table 1.

Subsequently '*C NMR measurements at various tem-
peratures were conducted for 1a. As anticipated, the tem-
perature dependency of the signals turns out to be similar
to that in the 'H NMR spectra (see Figure 1 for data ob-
tained at 22 °C and Figure S5 in the Supporting Informa-
tion for the VT-NMR data). The assignment of the peaks
relies on a series of '?*C NMR experiments with selective
"H decoupling (see Figure 2) and the temperature depen-
dence of all signals in the VT-NMR spectra (see the Curie
plots in Figure 3).

The aromatic carbon atoms, which are bound to the
high-field shifted protons H* and H”, are the authors of
the resonances at 384.9 (CH®) and 241.4 ppm (CH”) The
other two aromatic carbons CH? and CH” give rise to
signals at 105.9 and 68.1 ppm, respectively. The two quar;
tets due to the carbon atoms of the methyl groups Me”
and Me* partially overlap. Selective decouphng allows the
assignment of the peak at —0.3 ppm to Me* and that at
—1.7 ppm to Me®. The s1gnals of the other two methyl
groups occur at 268.5 (Me') and 75.7 ppm (Me®). The
three quaternary carbon atoms show at 681.0, 290.0, and
—72.7 ppm. As already mentioned, the spin density in
aromatic s-systems changes its sign for adjacent carbon
atoms and also for a carbon atom and the hydrogen atoms
bonded to it. This typical behavior is clearly visible in the
spectrum (see Figure 9 in the Comparison between Ex-
perimentally Determined and Calculated Paramagnetic
Shifts section of this paper). Because of a negative shift of
H* (corresponding to negative spin density), the spin
density at C9? should also be negative. Consequently, the
corresponding resonance should exhibit a high-field para-
magnetic shift and the signal at —72.7 ppm must be
assigned to C%° (OFR.7 = Oots — Oorb = —221.1 ppm; dgie
is the observed experimental shift and is identical to
0 described in the Experimental and Computational Details
section or given in the tables). The adjacent atom C%* is one
bond further away from the Ni(II) center and therefore
should exhibit a positive spin density, which is however
smaller than that on C9°. Therefore, the signal at 290.0 ppm
belongs to C** (5P~ 153 1 ppm). The C}uaternary
guanidino carbon atom (C%') gives rise to the °C NMR
signal with the largest paramagnetic shift at 6 = 681.0 ppm.

The assignment of the '*C resonances is supported by
analysis of their temperature dependence. For all chemical
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Figure 2. '>*CNMR spectra of 1a (22 °C, 150 MHz, CD,Cl,) with selective "H decoupling (02p = frequency offset of "H-decoupler). The arrows highlight

the decoupled '*C signals.

shifts 0, a linear 7 ! relationship was found, in accor-
dance with Curie-type behavior (see Figure 3). An increase
in the temperature leads to a displacement of all resonances
in the direction toward the diamagnetic region. Depend-
ing on the spin density at the observed nucleus, this move-
ment is either positive or negative on the O scale. The signal
with the largest low-field shift shows the strongest tem-
perature dependence in the Curie glot (ca! at 681.0 ppm).
While the aromatic protons of CH” and CH® move toward
the region typical for aromatic diamagnetic carbons, the
resonance of Me” shifts to smaller ppm values, leading to
an dlmost complete overlap of the signals attributable to
CH” and Meé?® at higher temperatures.

The "H NMR spectra recorded for the chloro- and the
bromo-complexes 1a and 1b show two considerable dif-
ferences (see Table 2 and Supporting Information for VT-
NMR). The Me' protons in 1b are much less-shifted than
in 1a (28.6 ppm compared to 42.2 ppm). In addition, the
resonance due to the aromatic proton H* is more shifted
(—10.6 ppm). All 'H resonances can be assrgned na srm-
ilar way to those of 1a. The protons of Me?, Me®, and Me*
are the authors of the resonances at 14.0, 18. 8 and 6.4 ppm,
respectively. The peaks for the aromatic protons occur at
19.6,—9.6, and 14.0 ppm for H?, H”, and H, respectively.
The H,H-COSY experiments (see the Supportmg Infor-
mation) fully support the assignment of the aromatic
protons.

The longitudinal relaxation time (7)) measurements for
all signals of 1a and 1b are also consistent with the assig-
nment gTable 1). Hereby, the resonances that are due to
the Me' groups of both complexes relax 1 order of mag-
nitude faster than those of the other methyl groups. More-
over, the relaxation time of the aromatic protons increases
in the order H* < H? < H”. These results are in accordance
with the strong distance dependence of dipolar relaxation
(see eq 6). The relaxation time 7 correlates quite well with
°, where r is the distance between the Ni atom and the
corresponding H atoms (see the correlation plot in the
Supporting Information).

2a and 2b. The change of the ligand system from btmgbp
to btmgn brings about a smaller N—Ni—N bite angle and
a planar aromatic backbone. Thus, not surprisingly, the

fluxional behavior of the guanidino Me groups also varies.
While 1a and 1b are rigid on the NMR time scale at room
temperature (i.e., four distinct Me resonances), 2a (X =
Cl) and 2b (X = Br) are fluxional. Only the aromatic
protons at 24.0, —4.4, and —8.2 ppm are well-resolved in
the NMR spectra of 2a recorded at 30 °C (see Figure 4).
The methyl protons now give rise to three broad signals,
at47.7,28.1,and 15.0 ppm. However, at 20 °C, splitting of
the broad central signal into two separate peaks is already
visible, and at —80 °C, all methyl proton signals sharpen
to discrete peaks at 80.2,47.2, 38.3, and 23.0 ppm. More-
over, all methyl protons and the aromatic proton signal
due to H” are shifted to low field (34.8 ppm), whereas the
aromatic signals due to H* (10.3 ppm) and H” (16.5 ppm)
sense a high-field shift. The assignment of the signals can
be accomplished in a similar way as that for 1a and 1b,
again under the assumption of the leading role of the Fermi-
contact interaction. Integration of the signals at —80 °C re-
turns the expected 3:3:3:1:3:1:1 ratio. The variable-tem-
perature NMR measurements show that the signals at
47.2 (Me? ) and 38.3 ppm (Me? ) as well as the signals at
80.2 (Me') and 23.0 ppm (Me?), are exchangrng Thls
exchange interconverts the groups Me' with Me* and Me?

with Me?, respectively (see discussion below).

For all signals, the chemical shift ¢ is plotted as a func-
tion of 7~ ! over the temperature range from —90 °C to
30 °C (see Figure 5). For temperatures up to 10 °C, all
signals exhibit typical Curie-type behavior. However, above
10 °C, dynamic effects are responsible for deviations from
this behavror Espe01ally, the exchange interaction be-
tween Me” and Me®, which will be discussed below, can
clearly be observed here

The dynamic behavior, as visible in the '"H NMR spec-
tra of 2a at room temperature, is not observable in the '*C
NMR spectra. This can be explained by the larger signal
dispersion in the paramagnetic '?*C NMR spectra, leading
to higher coalescence temperatures. All signals can be
assigned following the same procedures as those for 1a.
Thus, at a temperature of 22 °C, C%' appears at 681.5 ppm
and the signal due to C%° is strongl ;, high-field-shifted to
—179.7 ppm. The signal of the C% carbon is located at
262.1 ppm and that of C%* at 0.4 ppm. The signals of the
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Figure 3. Curie-plot of the *C NMR data for 1a. Solid, open and half-
filled data points represent the signal positions of the methyl carbons,
aromatic carbons, and quaternary carbon atoms, respectively.

Table 2. "H NMR Chemical Shifts ¢ for 1a and 1b at 22 °C (600 MHz, CD,Cl,)

0 [ppm]

compound ~ H® Hf  HY H° Me' Me* Me® Me?

la =85 199 -94 174 422 129 189 45
1b —10.6 19.6 —9.6 140 28.6 140 188 6.4

aromatic CH groups (CH*, CH”, and CH”) are found at
683.7, 114.1, and 218.1 ppm, respectively. The signals of
the methyl protons are assigned as Me' for the most low-
field-shifted peak at 224.6 ppm, Me? at 20.3 ppm, Me? at
—17.1 ppm, and Me* at —5.3 ppm (see the Supporting
Information for spectra).
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Figure 4. '"H NMR spectra of 2a and 2b (200 MHz, CD,CL).

In the '"H NMR spectra, the bromo derivative 2b shows
a temperature dependence that is analogous to that of the
chloro derivative 2a (see Figure 4 and the Supporting
Information). At 30 °C, only the aromatic protons give
rise to well-resolved signals at 24.0, —6.6, and —6.8 ppm
for H?, H*, and H”, respectively. The methyl protons
Me' and Me* are visible as two extremely broad si§nals
(31.7 ppm and 17.5 ppm), and the methyl groups Me~ and
Me? give one signal at 28.1 ppm. By decreasing the tem-
perature to 10 °C, this signal splits into two resonances.
With further decreases in temperature, the signals become
sharper, but below —30 °C, all peaks are broadened again,
by virtue of their paramagnetism. From the linewidth of
the aromatic signals and the Curie plot (see the Support-
ing Information), it is obvious that the resonance due to
H* is more temperature-sensitive than that due to H”.
This leads to the observed crossing of both signals (in the
temperature range from 10 °C to —20 °C). At —80 °C, the
signals of 2b show a similar pattern than those of 2a (see
Figure 4). Integration over all signals returns a 3:3:3:1:3:1:1
ratio, as anticipated for the btmgn ligand of 2a.

A comparison of the longitudinal relaxation times
T, for 2a and 2b finds all 7 values of 2b to be shorter, by a
factor of 2—3, compared with 2a, but with a similar over-
all trend for both molecules (see Table 1). Both in 2a and
2b, the shortest relaxation time was measured for the pro-
tons of Me', followed by their exchange partners from
Me*. The signals due to Me® and Me® both have larger
T, values. The aromatic proton closest to the paramag-
netic center, H, exhibits a T value of the same order than
that of Me®*. For both complexes, the resonances due to
H”, which has the largest distance to the paramagnetic
nickel center, have the longest relaxation times.

3a and 3b. Exchanging the btmgn ligand with the
bdemgb ligand, a similar symmetry results; however, the
bite angle of the ligand becomes smaller. In addition, the
rotation around the CY'—N,ine bonds is now blocked.
Figure 6 shows the 'H and '*C NMR spectra recorded for
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Figure 5. Curie plot of the "H NMR data for 2a. Solid and open data
points represent the methyl and aromatic protons, respectively.

[(bdmegb)NiCl,], 3a (see the Supporting Information for
the '"H VT-NMR data). At room temperature, the fast
exchange of the two N—Me groups leads to the detection
of just one signal for the methyl groups in the "H and '*C
NMR spectra. The same holds for the CH, groups, which
give one signal in the '?*C NMR and two signals in the 'H
NMR spectrum. The signals of the aromatic protons ex-
perience only a slight paramagnetic shift and appear in the
diamagnetic region at 9.9 ppm for H* and 4.9 ppm for H”.
The obvious explanation is that only a negligible portion
of the spin density resides in the aromatic backbone,
whereas the electronic environment of H* will be slightly
more affected than that of H? (also see the discussion
below and Figure 9, given later in this work). In the cou-
pled '*C NMR spectrum, all expected resonances are clearly
visible (see Figure 6). The signals for two quaternary
carbons appear at 612.3 and —344.5 ppm. In analogy to 1
and 2, and with the help of DFT calculations (see Table 3
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Figure 6. "H NMR spectrum at 600 MHz (top) and '*C NMR spectrum
at 150 MHz (bottom) for 3a (22 °C, CD,Cl,).

and Figure 9 below), the assignment is accomplished such
that the peak at low field corresponds to C%', and that at
high field corresponds to C%%. In addition, two doublets at
345.5and 169.6 ppm are visible, which are assigned to the
aromatic carbons CH® and CH?, respectively. Here again,
the CH” resonance experiences only a small hyperfine
shift. The signal at 65.5 ppm can be allocated on the basis
ofits triplet pattern to the bridging ethylene carbons. The
broad singlet signal at 47.5 ppm belongs to the methyl
groups. A 2D 'J-CH correlation experiment is performed
for direct assignment of the proton resonances to the spe-
cific carbon signals (see Figure 7). Given the absence of
any interaction with the hydrogen atoms, the quaternary
carbons can be assigned directly. The aromatic protons
interact with the two doublets in the '>*C NMR spectrum
and can thereby be assigned as outlined above. The methyl
protons show a cross peak to the broad singlet, which,
again, is consistent with the previous assignment. The
triplet in the '*C NMR spectrum clearly interacts with
both 'H resonances of the ethylene groups. Therefore,
these signals must stem from the two hydrogens bonded
to the same carbon atom.

The structurally equivalent complex [(bdmegb)NiBr,],
3b, exhibits the same characteristics in the 'H NMR
spectrum as 3a (see the Supporting Information), with
two signals for the ethylene hydrogens and one resonance
for the methyl protons. Again, the signals of the aromatic
protons occur close to the diamagnetic region.

The longitudinal relaxation times 7' for the resonances
in 3a and 3b are generally similar to those in the com-
plexes 1a/1b and 2a/2b. The methyl group, being closer
to the paramagnetic center, relaxes nearly 1 order of
magnitude faster than the ethylene protons. The T;
relaxation time for the ethylene protons is in the same
order as that of the aromatic proton H*. In 3b, the
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Table 3. Paramagnetic NMR Shift Data (600 MHz for 'H NMR, 150 MHz for '*C NMR, CD,Cl,) and Calculated Fermi-Contact Chemical Shifts at 22 °C

1a 2a 3a
SRR 7 [ppm] 0% [ppm] O 7 [ppm] 8% [ppm] OfP 7+ [ppm] 8 [ppm]
"H NMR

H* -15.1 -19.2 —~11.1 -27.1 } 1.6
H? 12.6 1.2 17.3 17.6 -1.9 3.2
H” —-16.5 —-19.2 -16.1 -22.3

H° 10.3 6.4

Me! 38.8 35.1 46.8 22.9

Me? 10.2 9.6 23.4 16.5

Me® 16.1 17.0 27.9 28.7

Me* 2.4 8.5 122 13.8

Me 432 19.4
—CH,— 45.1" 22.3

13C NMR

CH* 259.6 225.0 565.66 510.6 2239 260.1
CH” —61.1 —65.4 -9.35 —44.7 48.5 71.8
CH” 117.1 103.7 91.86 113.3

CH® -30.9 —38.3

Me! 223.3 153.2 179.49 121.3

Me? —43.9 —38.3 —59.28 —54.3

Me® 353 31.9 —20.12 -27.1

Me* —39.4 —41.5 —44.41 —46.3

Me 11.8 13.6
—CH,— 16.5 19.9
ca! 514.8 453.1 516.12 379.7 448.6 501.0
c? —221.1 -210.6 —325.75 —300.0 —483.6 —191.5
ca? 153.1 94.1 123.97 148.4

ca —121.29 —164.3

“ 0%k ris obtained by subtracting the diamagnetic chemical shift from the observed chemical shift, with the analogous Zn complexes as diamagnetic
references. ” Average value.
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Figure 7. 'J-CH correlation NMR for 3a (22 °C, 600 MHz, '*C in direct
dimension (F2), CD,Cl,, s = solvent).

resonance of H” exhibits the longest relaxation time,
which is consistent with its large distance from the
paramagnetic center.

4. Comparison between Experimentally Determined and
Calculated Paramagnetic Shifts

As outlined above, the chemical shift is the sum of dia-
magnetic (or orbital) and paramagnetic (or hyperfine) con-
tributions. The hyperfine shift is proportional to the hyper-
fine coupling constant. If the contact term dominates the

hyperfine shift, the spin density can be calculated easily from
the observed chemical shift and then compared with quan-
tum chemically calculated spin densities. The experimental
hyperfine shifts (05, 7) of the Ni(IT) complexes are obtained
by subtracting the diamagnetic chemical shift from the
observed chemical shift. The NMR spectra of the analogous
Zn(I1) complexes (1¢, 2¢, 3¢) provide us with the diamagnetic
chemical shifts. For this purpose, we synthesized these Zn
complexes. The details of the synthesis of 1¢ and 3¢ are given
in the Experimental and Computational Details section of
this paper, and the synthesis of 2¢ was already published
previously by us.*® In Figure 8, the molecular structures, as
derived from X-ray diffraction of 1a vs 1c¢ and 3a vs 3¢, are
superimposed, showing that the Niand Zn complexes exhibit
similar structural properties.

Quantum chemical (DFT) calculations are carried out for
all Ni(IT) complexes (1a—3a). These calculations employ the
B3LYP functional, which was recently shown to reliably pre-
dict hyperfine shifts,** together with a combination of two
different basis sets (see the Experimental and Computational
Details section of this paper). The calculated chemical shifts
(053%4) caused by the Fermi-contact interaction are obtained
by applying eqs 3—5. All chemical shifts are calculated at a
temperature of 22 °C. To test our approach, we also carried
out an alternative analysis, based on calculated orbital terms
for the 2a complex (see the Supporting Information). How-
ever, the comparison between both methods (see the Sup-
porting Information) indicates that the analysis based on the
experimental orbital terms derived from the corresponding
Zn complexes leads to better results.

Figure 9 shows the DFT calculated envelop maps of the
spin densities for the three complexes 1a, 2a, and 3a. Herein,
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Figure 8. Superimposed molecular structures of the Zn(II) (red) and
Ni(IT) complexes (green) showing their structural similarity. Top: 1a and
1c. Bottom: 3a and 3c.

Figure 9. Envelop maps of the spin density py(r) = 0.0004 a.u. for 1a
(top left: view along the Ni—Cl vector; top right: view on the aromatic
plane), 2a (bottom left), and 3a (bottom right) (B3LYP/BS-1 level of
theory). Hydrogen atoms have been removed for the sake of clarity. (The
green and blue colors denote positive and negative spin density, re-
spectively.)

the alternation of the spin density, explicitly in the aromatic
system, can be clearly seen. This effect plays an important
role for the assignment of the peaks in the NMR spectra, as
explained above. The experimentally determined and calcu-
lated paramagnetic 'H and '*C NMR shifts are compared in
Table 3 (see Figure 10 for an illustration). For all three com-
plexes 1a—3a, the general level of agreement between experi-
ment and calculation is satisfactory, especially for atom centers
with relatively high spin density. However, there are also some
relatively large discrepancies (see, e.g., H* and Me' in 2a,
CH,; and Me in 3a). The comparison shows that both the
signs and values of the NMR resonances can be calculated
accurately in the case of the quaternary carbons and the
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Figure 10. Comparison between calculated (Fermi contact) and experi-
mentally derived paramagnetic '"H NMR (top) and '*C NMR (bottom)
chemical shifts (dark circles represent 1a data; dark triangles represent 2a
data; and open circles represent 3a data). Dotted lines show the expected
correlation.

aromatic CH groups. In the case of '*C NMR, the largest
deviation is registered for C9% in 3a (05{f.; = —483.6 ppm,
o%led — —191.5 ppm). For this atom, the Fermi contact can-
not be considered as the dominant factor in eq 2 any longer,
and the additional terms must be taken into account. The main
contribution responsible for this stron% deviation is likely to
be the considerable dipolar shift at C%°, which is the carbon
atom closest to the Ni(Il) atom [d(Ni—C%%) = 284.5 pm)].
All other carbon atoms are much further away, so that
the dipolar contribution to the hyperfine shift becomes less
important.

5. Dynamic Processes

All complexes described in this study show fluxional
behavior in the NMR spectra. The dynamic processes of
diamagnetic complexes of bridged bisguanidines recently
have been described by us.’*® Two exchanges can be
observed with different exchange rates. At low tempera-
tures, Me' exchanges with Me*, and Me? exchanges with
Me?, respectively (see Figure 11). With a series of complexes
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of the ligand btmgn (e.g., the Zn complex 2¢), we were able
to show that this exchange comes not from a rotation of
the C—N double bond but from an oscillation of the metal
center above and below the plane defined by the ligand
backbone. At higher temperatures, rotation around the
C—N single bonds occurs, which leads to an exchange
of the methyl groups Me' with Me? and Me® with Me*,
respectively.

We are now interested in applying dynamic NMR to
paramagnetic compounds; therefore, we have studied the
fluxional processes of the Ni complex 2a, which has similar
structural parameters, compared to the previously studied Zn
complex 2¢. Two main differences between dynamic NMR of

ligand

= ligand

1
Me -~ NA —X
N ’
3 Me? ! BgmMe?
Me? Me?

Figure 11. (Top) Dark gray arrows show the observed exchange inter-
action at low temperatures, light gray arrows the exchange of the methyl
protons at higher temperatures. (Bottom) Side view of the molecule: an
intramolecular oscillation mechanism causes the observed exchange
interaction.
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diamagnetic and paramagnetic compounds must be taken
into consideration:

(a) The paramagnetic shift itself is temperature-depen-
dent. This dependence usually obeys the Curie law, so
that the resonance frequencies at slightly modified tem-
peratures can be predicted with sufficient accuracy. In
addition to that, the line shape of the paramagnetic
signals changes with temperature.

(b) The signal separation in NMR spectra of chemi-
cally exchanging groups is usually much larger in
paramagnetic compounds, compared to diamagnetic
analogues. Consequently, faster dynamic processes are
observable with paramagnetic compounds.*’

For these reasons, dynamic paramagnetic NMR could give
insight to relatively fast dynamic processes in solution. As a
proof of principle, we therefore analyzed the dynamic pro-
cesses of 2a with the aid of a line shape analysis tool.*! We
simulated not only the exchange due to the fluxional process,
but also the line widths and temperature dependence of the
paramagnetic shift within a single set of simulation param-
eters. This is possible as the paramagnetic shift results from
averaging two resonances weighted by the different popula-
tions of the two sites. Because of the temperature dependence
of the population difference, the chemical shift of the result-
ing averaged signal is, itself, temperature-dependent. Conse-
quently, every single paramagnetic signal could be obtained
by applying a fast exchange (at a rate of 10° s ') between a
pair of signals of unequal abundance. This pair corresponds
to the doublet obtained by hyperfine coupling with an un-
paired electron. The NMR signal with the largest hyperfine
shift (64.4 ppm at —40 °C) was simulated by two fast
exchanging signals, which were arbitrarily set to 41002 and
—998 ppm. With a high exchange rate and equal abundance,
these two signals would lead to the diamagnetic shift of the
N—CHj3; group at 2 ppm. By introducing an unequal abun-
dance of the two corresponding resonances, the averaged
signal is then shifted to the more-abundant signal. We then

30 °C A
25 °C P |
20 °C P
10°C . ol
0°C_ A .
“10°c___J [
200 J i B 1]

L
30°c_ ) W
.

T T T T T T T
50 40 30 20 10 0

-40 °C J\ U
60

Figure 12. Experimental dynamic paramagnetic 'H NMR spectra for 2a (left) and simulated NMR spectra (right).
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Table 4. Parameters for Paramagnetic Dynamic Line Shape Analysis of 2a“

arbitrary 'H signal
splitting due to

0P (=40 °C) Oort assignment hyperfine interaction®

64.4 2 Me' 2000

38.9 2 Me® 1188

32.0 2 Me? 984

29.7 7.5 H* 715

19.1 2 Me* 536

-7.9 7.5 H* —495
—-12.6 7.5 H” —655

“Parameters in this table were kept constant for all temperatures of
the line shape analysis of 2a. ” Approximated value. ¢ For the signal with
the largest hyperfine shift (64.4 ppm at —40 °C), the signal separation
due to electron—"H coupling was arbitrarily set to 2000 ppm. This
resulted in a population difference of 46.88:53.12 (at —40 °C). All other
signal splittings were calculated for a constant population difference.

fitted the abundance for the electron Zeemann level to
46.88:53.12, so that the experimental chemical shift is repro-
duced.*? Because the electron Zeemann population is valid
for all NMR resonances at a specific temperature, we have
then fitted all other paramagnetic signals by applying the
same population difference. For the simulation of the spectra
at different temperatures, only the Zeemann level population
had to be modified. By this method, the experimental tem-
perature dependence of the paramagnetic NMR shifts is
reproduced well (see Figure 12 and Tables 4 and 5).

The result of the line shape analysis is shown in Table 5.
The obtained exchange rates lead to an Eyring plot, as shown
in Figure 13. Both activation enthalpy and activation entropy
are quite similar to the preliminarily reported values of the
diamagnetic analogue 2¢ (AG” = 43 kJ mol ™!, AS* = —41 ]
mol ' K™).

6. Conclusion

This work represents a detailed analysis on the use of
nuclear magnetic resonance (NMR) spectroscopy to evaluate
the dynamics of paramagnetic transition metal complexes.
A series of paramagnetic Ni(IT) halide complexes was stu-
died, and a complete signal assignment was achieved for all
complexes. The comparison of the NMR spectra recorded
for Ni(IT) chloride and bromide complexes and for complexes
with different N—Ni—N bite angles demonstrates the sensi-
tivity of the resonances to changes in the electron spin dis-
tribution. Experimental spin densities were derived with the
help of the NMR spectra for analogous diamagnetic Zn
complexes and compared with values calculated with quan-
tum chemical (density functional theory, DFT) methods.
Although the general level of agreement is satisfactory, some
deviations were noted. The accumulated experimental results
provide ideal calibration data for future theoretical studies.
An important aspect of this work is the analysis of dynamic
effects. For a typical fast process occurring in the complexes—
namely, the movement of the Ni atom from one side to the

(40) As an example, signal coalescence at a temperature of 300 K with
signal separation of 1 ppm (600 Hz at 600 MHz) corresponds to an exchange
rate ke = 13325, whereas, for a paramagnetic example, a signal separation
of 50 ppm (30 000 Hz at 600 MHz) corresponds to a rate k. = 66 000s™ .

(41) DNMR Lineshape Analysis program as part of Topspin 2.1 NMR
software package (Bruker Biospin, 2009). A modified version provided by J.
Rohonczy, E6tvos Lorand University, Hungary, was used.

(42) The Zeemann level populations that were used do not correspond to
the real populations, because, for technical reasons, the hyperfine splitting of
the reference signal Me' was arbitrarily set to 2000 ppm.
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Table 5. Rate Constants for Chemical Exchange in 2a, as a Result of Line Shape
Analysis®

arbitrary population
difference of e™

temperature (°C) ks Zeemann levels”

+30 3000 47.70:52.30
+25 2100 47.65:52.35
+20 1500 47.60:52.40
+10 1000 47.50:52.50

0 500 47.40:52.60
-10 200 47.30:52.70
-20 100 47.13:52.87
-30 50 47.01:52.99
—40 20 46.88:53.12

“Electron relaxation was set to 10° s!. ? Population difference as
result of arbitrary electron—'H coupling (see Table 4 and ref 42).

In(kT™)
23
2.5 =
T 1
3037 2437 T K™

Figure 13. Eyring plot as result of the line shape analysis of 2a. AG* =
39.6 2 kI mol ™', AS” = =48 £ 15T mol ' K.

other side of the aromatic guanidine ligand backbone—the
rate constants were estimated from the temperature depen-
dency of the paramagnetic shifts and a line shape analysis.
The rate constants turned out to be of the same order as those
for the corresponding diamagnetic Zn complexes. However,
because of the signal dispersion, as a consequence of the para-
magnetism, the coalescence temperature for this process is
reached at a temperature that is ca. 40 °C higher than that of
the corresponding diamagnetic Zn complexes. This result
illustrates the possibility of using NMR studies for the detec-
tion of fast dynamic processes in paramagnetic compounds
that are too fast for observation in diamagnetic NMR spec-
troscopy.

7. Experimental and Computational Details

All Ni complexes were prepared and worked up as de-
scribed previously,”-! by applying standard Schlenk techni-
ques, and handled under a strict argon atmosphere. Aceto-
nitrile was purchased by Aldrich, stored under an inert argon
atmosphere, and subjected to a 3 A molecular sieve. Toluene
was dried with standard techniques, stored under an inert
argon atmosphere, and also subjected to a 4 A molecular
sieve. All reagents were purchased from Acros Organics and
used without any further purification.

Experimental Section. 1c. A quantity of 125.5mg (0.33 mmol)
of btmgbp are dissolved in 10 mL CH3CN, and 0.3 mL ofa 1 M
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ZnCl, solution in Et,0 is added dropwise. The reaction mixture
is then stirred for a period of 24 h at room temperature. Sub-
sequently, the solvent is removed under vacuum and the residue
washed three times with 5 mL of toluene, to clean the product
from unreacted btmgbp. After the removal of all solvent traces
under vacuum, 141.1 mg (0.273 mmol, 91%) of 1c¢ are obtained
as a white powder. Recrystallization from CH3;CN at —21 °C
affords colorless crystals suitable for X-ray diffraction (XRD)
study. C5oH3,C1LNgZn (516.83): caled. C 51.12, H 6.24, N 16.26,
Cl 13.72, Zn 12.66; found C 51.40, H 6.37, N 16.08. '"H NMR
(600.13 MHz, CD,Cl,, 22 °C): 6 = 7.30 (t, 2H, CH,;om), 7-15 (4,
2H, CH,;om), 7.04 (d, 2H, CH,rom), 6.58 (d, 2H, CH,rom), 3.37
(s, 6H, CH3), 2.78 (s, 6H, CH3), 2.64 (s, 6H, CH3), 2.04 (s, 6H,
CH;) ppm. >CNMR (100.55 MHz, CD,Cl,, 22°C): 0 = 166.41
(CN3)’ 148.52 (Cq,arom)a 137.03 (Cqﬂarom)’ 133.61 (Cq,arom)a
129.46 (CH,rom), 125.50 (CHurom), 124.47 (CHgurom), 42.40
(CH3), 41.57 (CH3), 40.59 (CH3), 39.31 (CH3) ppm. IR (KBr,
em D v o= 3058(w), 3012(w), 2932(m), 2885(m), 2799(w),
1530(vs), 1467(s), 1417(s), 1333(m), 1272(w), 1242(m),
1203(w), 1157(m), 1104(w), 1036(w), 1002(w), 935(w), 863(m),
813(m), 753(m), 697(w), 626(w), 576(w), 522(m). HR-EI": Calc,
mjz = 516.1346 [C-H3,N¢Cl,Zn]; exp, m/z = 516.1362 [M]*.
FAB": m/z = 516.1 [M]*, 478.2 [M—CI]", 380.3 [btmgbp]*.
Crystal data for 1¢-CH;CN, Cy4H35CILN,Zn: M, = 557.86,
0.40 mm x 0.30 mm x 0.30 mm, monoclinic space group P2(1)/
n,a = 15.586(3) A, b = 9.788(2) A, ¢ = 18.326(4) A, ﬁ
98. 87(3)° V =2762.3(10) A%, Z = 4, d.ye = 1.341 Mgm , Mo
Ko radiation (graphite-monochromated, 2 = 0.71073 A) T =
100 K, 0,ange = 1.60°—33.05°. Reﬂectlons measd. 95957, indep.
8074. R;, = 0.0507. Final R indices [/ > 20(])]: Ry = 0.0431,
wR, = 0.1082.

3c. A quantity of 148.0 mg (0.49 mmol) bdmegb are dissolved
in 10 mL of CH5CN, and 0.4 mL ofa 1 M ZnCl, solution in Et,O
is added dropwise. The reaction mixture is then stirred for a
period of 24 h at room temperature. Subsequently, the solvent is
removed under vacuum and the residue washed three times with
5 mL of toluene to clean the product from traces of unreacted
bdmegb. After drying under vacuum, 160.7 mg (0.368 mmol,
92%) of 3c are obtained as a white powder. Recrystallization
from CH3CN at —21 °C affords colorless crystals suitable for
XRD study. C16H»4Cl,NgZn (436.72): caled. C 44.00, H 5.54, N
19.24, Cl 16.24, Zn 14.98; found C 44.10, H 5.58, N 19.07. 'H
NMR (399.89 MHz, CD,Cl,, 22 °C): 6 = 6.81 (m, 4H, CH,,o1m),
3.58 (m, 8H, CH,), 2.85 (m, 6H, CH;) ppm. '°*C NMR (100.55
MHz, CD,Cl,, 22 °C): 6 = 163.75 (CN3), 139.30 (Cq arom)s
121.87 (CHyrom), 121.24 (CHgyrom), 49.12 (CH»), 36.21 (CHj3)
ppm. IR (KBr,cm™"): v = 3052(w), 2932(m), 2881(m), 2805(w),
1599(s), 1563(vs), 1481(s), 1412(s), 1392(s), 1289(s), 1237(m),
1105(w), 1087(w), 1035(m), 980(w), 855(w), 811(m), 764(m),
741(m), 702(w), 650(w), 603(w), 555(w). HR-FAB™: calc, m/z =
436.0695 [CsH24N¢ClLZn]; exp, m/z = 436.0699 [M]*. FAB™:
mjz = 436.2 [M]*, 399.2 [M—CI]*, 300.3 [bdmegb]". Crystal
data for 3¢-CH3;CN: M, = 477.74, 0.40 mm x 0.40 mm x
0.35 mm, monoclinic, space group P2(1), a = 8. 7900(18) A
b = 10. 346(2) A, ¢ = 12. 569(3)A B = 106.43(3)°, V'=1096. 4(4)
A Z =2, deye = 1.447 Mg m_ 3, Mo Ka radiation (graphlte-
monochromated A =0.71073 A) T =100 K, Oange = 1.69°—
33.19°. Reflections: measd. 25847, indep. 7832. Rim = 0.0476.
Final R indices [/ > 20(])]: R; = 0.0328, wR, = 0.0726.

NMR Measurements. The complexes were dissolved in deut-
erated dichloromethane, which was stored under an 1nert argon
atmosphere and subjected to a 4 A molecular sieve. 'H NMR
spectra were referenced to the residual protio signal of the solvent
(0 = 5.31 ppm) and '3C NMR spectra to the solvent triplet at
0 = 53.80 ppm. The samples were prepared in NMR tubes that
were flame-sealed afterward. The variable-temperature 'H NMR
studies and relaxation time determination 7 were accomplished
on a Bruker Model DPX-200 that was equipped with a BVT3300
temperature unit. The temperatures were calibrated using samples
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of glycol (pure, temperature range of 300—380 K) or methanol
(pure, 180—300 K), respectively. 'H NMR as well as all '*C
NMR experiments were carried out on a Bruker AVANCE II1
600 system that was equipped with a cryogenically cooled detec-
tion probe (QNP Cryo-Probe). Typical parameters for '*C
NMR spectra: repetition rates, 0.1—0.3 s; pulse widths, 3—6 us
(corresponding to pulse angles of 30°—60°); 0.01—0.1 s; number
of scans, 1000—30000; exponential multiplication with a line-
broadening factor of 10—30 Hz. Measurements of the relaxation
time 7' were done using the inversion recovery method.

X-ray Crystallographic Studies. Suitable crystals were taken
directly from the mother liquor, immersed in perfluorinated
polyether oil, and fixed on top of a glass capillary. Measure-
ments were made on a Nonius—Kappa CCD diffractometer
with a low-temperature unit, using graphite-monochromated
Mo Ka radiation. The temperature was set to 100 K. The data
collected were processed using the standard Nonius software.**
All calculations were performed using the SHELXT-PLUS
software package. Structures were solved by direct methods
with the SHELXS-97 program and refined with the SHELXL-
97 program.***> Graphical handling of the structural data
during solution and refinement was performed with XPMA .46
Atomic coordinates and anisotropic thermal parameters of non-
hydrogen atoms were refined by full-matrix least-squares calcu-
lations. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre, as supplementary
publications No. CCDC 769711 and No. CCDC 769712. Copies
of the data can be obtained free of charge upon applica-
tion to the CCDC, 12 Union Road, Cambridge CB2 1EZ,
U.K. [Fax: (international) +44 (0)1223/336033; E-mail: deposit(@
ccde.cam.ac.uk.]

Calculational Details. All opt1mlzat10n and spin density cal-
culations were carried out using the Gaussian 03*’ program
package. The B3LYP* functional, in combination with a set of
two different basis sets, was used: For the Ni atom, a Karlsruhe
triple-¢ quality basis set of the second generation w1th a larger
set of polarization functions was used (Def2-TZVPP),* whereas
the C, N, halide, and H atoms were described by the 6-311G(d,p)
basis set.50 This combination will be labeled as BS-I throughout

(43) DENZO-SMN, Data processing software; Nonius, 1998 (ttp://www.
nonius.com).

(44) (a) Sheldrick, G. M. SHELXS-97, Program for Crystal Structure
Solution; University of Gottingen, 1997 (http://shelx.uni-ac.gwdg.de/SHELX/
index.html). (b) Sheldrick, G. M. SHELXL-97, Program for Crystal Structure
Refinement; University of Gottingen, 1997 (http:/shelx.uni-ac.gwdg.de/
SHELX/index.html).

(45) International Tables for X-ray Crystallography, Vol. 4; Kynoch Press:
Birmingham, U.K., 1974.

(46) Zsolnai, L.; Huttner, G. XPM A; University of Heidelberg, 1994 (http:/
www.uni-heidelberg.de/institute/fak12/AC/huttner/software/software.html).

(47) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A. Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakat-
suji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D ;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
E.01; Gaussian, Inc.: Wallingford, CT, 2004.

(48) (a)Becke, A. D.J. Chem. Phys. 1993, 98, 5648-5652. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.

(49) Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297—
3305.
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this paper. It should be emphasized that the 6-311G(d,p) basis
set used for the ligand atoms is of lower quality than the TZVPP
basis set used for Ni. Nevertheless, the combination was applied
because of computational restrictions.
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