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Introduction

The interest in guanidines as a useful class of ligands derives
from their diversified coordination chemistry as either neu-
tral or charged systems and furthermore from their ability
to act as superior s-electron donors.[1] With relevance to this
work, Sundermeyer et al. reported on the new superbasic
proton sponge 1,8-bis(tetramethylguanidino)naphthalene
(btmgn) as an example for an aromatically bridged bisguani-
dine.[2] In general, by bridging two or more guanidine units
a library of ligands for a large variety of tasks and require-
ments is accessible. For example, in the field of biomimetic
coordination chemistry, peralkylated bifunctional nitrogen
ligands for Cu and Fe were designed,[3,4] and in the transfer
hydrogenation of acetophenone, Mo and Ru complexes of
these ligands demonstrated their catalytic potential.[5]
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Brookhart et al. discovered the ability of diimine ligands
coordinated to late-transition metals, especially Ni, Pd, and
Pt, to catalyze polymerization of ethylene and other a-olefin
molecules.[6] These findings stimulated an interest in the de-
tailed understanding of the electronic structure of such sys-
tems. Nickel–bis ACHTUNGTRENNUNG(diimine) complexes in particular received
growing attention, among others by Wieghardt et al. , who
shaped the concept of non-innocent ligands.[7] Combined ex-
perimental and theoretical investigations on such systems
showed that the ligand plays a significant role in the elec-
tron transfer inside the complex.[8,9] In particular, the analy-
sis of the different electronic states and their frontier orbi-
tals and spin-density distributions provided valuable insight
into the properties of non-innocent diimine ligands.

Aromates functionalized with several guanidino groups
are potentially strong electron donors. Hence, some of us re-
cently showed that tetrakis(tetramethylguanidino)benzene
(ttmgb; see Scheme 1) can be oxidized readily, for example,

by O2 in the air or by I2.
[10] A two-electron oxidation wave

was measured at E1/2ACHTUNGTRENNUNG(CH3CN)=�0.32 V versus SCE (see
Figure S1 in the Supporting Information). In its oxidized
form, the positive charges are delocalized, with two of the
resonance structures being sketched in Scheme 1. In princi-
ple, ttmgb can be classified as a potentially non-innocent
ligand (NIL)[11, 12] that does not necessarily display a closed-
shell configuration. Thus, ligand-centered redox reactions
might play a role in the case of the ttmgb ligand. One of the
prime examples of an NIL system is the dianion of ortho-
phenylenediamine (opda) and its derivatives.[13, 14] Both the
btmgb and the opda ligand display a bridging phenylene
unit that can participate in p-electron delocalization. Ac-
cordingly, the Lewis formula of metal complexes of these

species can be formulated in different ways. The most likely
electronic structure can be estimated on the basis of struc-
tural data by inspection of the C�C bond lengths within the
benzene ring and also of the C�N bond lengths. For exam-
ple, the C2�C3 and C4�C5 bond lengths in the CoII complex
[Co ACHTUNGTRENNUNG(sbqdi)2] (sbqdi= semi-o-benzoquinonediimine) are sig-
nificantly shorter than the other phenylene ring C�C bond
lengths.[15] In addition, the C�N bond lengths are relatively
short (1.348–1.371(8) �). Another more recent example is
provided by the complex [NiACHTUNGTRENNUNG(Fsbqdi)2] (Fsbqdi denotes an
sbqdi ligand in which both hydrogen atoms bound to nitro-
gen are substituted by pentafluorophenyl groups).[16] Again,
two of the C�C bond lengths (C2�C3 and C4�C5) within
each of the C6 rings were found to be relatively short
(1.350(6) and 1.352(7) �), whereas the others cover the
range 1.409(6)–1.429(6) �. A more pronounced benzoquino-
nediimine-type electron distribution is found in case of [Ru-ACHTUNGTRENNUNG(bqdi) ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(MeCN)2]ACHTUNGTRENNUNG(PF6)2:[17] 1.354(5) � for C2�C3 and
C4�C5 and 1.435(4)–1.457(5) � for the remaining C�C
bond lengths in the C6 moiety.

In this work we examine d8 Ni complexes of the three bis-
guanidines btmgb,[18] btmgn,[2] and btmgbp[19] , which exhibit

a weaker reduction potential than ttmgb (see Figure S1 in
the Supporting Information). All of these complexes repre-
sent examples of tetrahedrally coordinated Ni complexes in
an open-shell configuration. The chelating ligand btmgbp
offers a relatively large flexibility due to a low barrier of ro-
tation around the central C�C bond. In comparison with the
btmgbp ligand, the chelating btmgb and btmgn are more
rigid. Recently the syntheses of Pt complexes of btmgb[20]

and Pd and Pt complexes featuring the btmgn[21] ligand were

Scheme 1. Tetrakis(tetramethylguanidino)benzene (ttmgb) can be readily
oxidized in air or by I2. In its oxidized form, the positive charges are de-
localized as shown here by the resonance structures.
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reported. The results gathered in these previous studies will
be compared with the ones attained herein.

The experimentally obtained topology of the electron-
density distribution of the open-shell d8 [(btmgb)NiCl2] com-
plex has been determined to analyze the potential non-inno-
cent character of the ligand and its influence on the elec-
tronic structure of the complex. The effect of zero-field
splitting is analyzed by magnetic measurements and its influ-
ence on the electron-density distribution is discussed. Exten-
sive quantum chemical calculations shed further light on the
electronic structure of these benchmark systems.

Results and Discussion

This section is divided into four parts. In the first one the
syntheses and the structures of the complexes will be dis-
cussed, followed by a section dealing with paramagnetic
NMR spectra recorded at room temperature for two of the
complexes. Subsequently, the magnetic properties as derived
from magnetic susceptibility measurements will be present-
ed, and we will also report on the results of quantum chemi-
cal calculations on the lowest energy triplet and singlet elec-
tronic states of the complexes. Finally, the experimentally
and theoretically determined topology of the electron-densi-
ty distribution will be assessed in detail for the
[(btmgb)NiCl2] complex.

Syntheses and structural characterization : All Ni–bisguani-
dine complexes [(btmgb)NiX2], [(btmgn)NiX2], and
[(btmgbp)NiX2] (X=Br, Cl) can be prepared according to
Equation (1) by reaction of [(dme)NiX2] (dme =1,2-dime-
thoxyethane) with the corresponding bisguanidine. Traces of
water have to be rigorously excluded to avoid protonation
of the ligand (the btmgn ligand is a “proton sponge”). Al-
though all possible precautions were taken, minor quantities
of protonated ligand were observed in some of the raw
products. These impurities generally led to slightly higher C
and N contents in the elemental analysis (see the Experi-
mental Section). The pure compound was obtained by crys-
tallization.ACHTUNGTRENNUNG[(btmgb)NiX2]: Figure 1 displays the molecular structure of
[(btmgb)NiCl2] as obtained by X-ray diffraction at 200 K.
Table 1 contains selected parameters of [(btmgb)NiCl2].

(The structure of the corresponding bromo complex
[(btmgb)NiBr2] is shown in Figure S2a of the Supporting In-
formation, and corresponding parameters are listed in Table
S2a of the Supporting Information.) The Ni�N and Ni�Cl
bond lengths at 200 K were determined to be 2.000(4)/
1.993(3) and 2.2547(15)/2.2436(13) �, respectively. These
values are in line with those obtained previously for related
complexes. Thus, for example, in a recently synthesized NiII

complex, in which two bipyridine units attached to a cal-
ix[4]arene are bound to NiCl2 fragments, Ni�N and Ni�Cl
lengths of 2.003(4)/2.010(4) and 2.180(2)/2.240(1) � were re-
ported.[22] With 1.310(5) and 1.327(5) �, the N1�C7 and
N4�C12 double bonds are only marginally elongated with
respect to the values in the free btmgb ligand (1.2996(16)
and 1.2910(16) �).[17] However, due to the insufficiencies of
the standard (promolecule) X-ray model, bond lengths
might be biased by both bonding effects as well as the ther-
mal smearing of the charge density. To derive more precise
structural parameters for the benchmark system
[(btmgb)NiCl2], we therefore performed multipolar refine-
ments based on low-temperature (7 K) high-resolution X-

Figure 1. Molecular structure of [(btmgb)NiCl2]. Ellipsoids are drawn at
the 50 % probability level.

Table 1. Selected parameters (bond lengths [�] and angles [8]) as deter-
mined by X-ray diffraction for [(btmgb)NiCl2] at 200 K.

Ni�N1 2.000(4) Ni�N4 1.993(3)
Ni�Cl1 2.2547(15) Ni�Cl2 2.2436(13)
N1�C1 1.423(5) N4�C6 1.408(5)
N1�C7 1.310(5) N4�C12 1.327(5)
C7�N2 1.365(5) C12�N5 1.353(5)
C7�N3 1.358(5) C12�N6 1.362(5)
N1-Ni-N4 83.36(13) Cl1-Ni-Cl2 130.66(5)
C1-N1-Ni 109.4(3) C6-N4-Ni 110.5(2)
N1-Ni-Cl1 105.45(11) N1-Ni-Cl2 109.97(10)
N4-Ni-Cl1 103.90(11) N4-Ni-Cl2 113.20(11)
Ni-N1-C7 126.7(3) Ni-N4-C12 124.8(3)
C1-N1-C7 120.7(4) C6-N4-C12 122.5(3)
N1-C7-N2 119.7(4) N4-C12-N5 119.6(4)
N1-C7-N3 124.8(4) N4-C12-N6 123.8(4)
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ray data (see below and Table 6) thus deconvoluting thermal
smearing from chemical bonding effects in the charge-densi-
ty maps. The obtained highly precise bond lengths of
1.3245(7) and 1.3266(7) � confirm the double-bond charac-
ter of the N1�C7 and N4�C12 bonds, respectively, which
are approximately 0.12–0.13 � shorter than the correspond-
ing terminal N�CH3 single bonds of the guanidine ligand
(1.4443(7)–1.4573(7) �). In contrast to [Ni ACHTUNGTRENNUNG(Fsbqdi)2] or [Ru-ACHTUNGTRENNUNG(bqdi) ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(MeCN)2]ACHTUNGTRENNUNG(PF6)2, which represent typical NIL
reference systems, only a subtle shortening of the C2�C3/
C4�C5 bond lengths (1.3922(8)–1.3928(8) �) relative to the
remaining C�C bonds of the C6 ring (1.3958(8)–1.4104(8) �)
could be identified. Hence, the typical (semi)-benzoquinone-
diimine-type electron distribution of these NIL systems ap-
pears to be hindered in [(btmgb)NiCl2], which is in line with
rather long Cbenzyl�N bond lengths (C1�N1=1.4118(7) and
C6�N4=1.4072(7) �). These distances are close to the ones
of the innocent ligand reference system (Et4N)2[W

0(CO)3-ACHTUNGTRENNUNG(opda)],[23] which range from 1.372(6) to 1.418(6) �. Fur-
thermore, the six C�N bonds attached to the central guani-
dine carbon atoms display rather equal distances (C7�N:
1.3245(7)–1.3619(7) and C12�N: 1.3266(8)–1.3611(8) �).
This indicates a pronounced p-electron delocalization inside
the guanidine moieties.

We note, however, that the position of the Ni atom is
found 0.65 � away from the phenylene ring plane. This re-
markable structural detail clearly discerns [(btmgb)NiCl2]
from the corresponding diamagnetic and approximately
square-planar [(btmgb)PtCl2] complex with the Pt atom
lying in the phenylene ring plane.[20] This dislocation of the
metal atom in [(btmgb)NiCl2] is a consequence of the enve-
lope-type ring puckering of the five-membered metallacycle
(Ni,N1,C1,C6,N4), which displays a pronounced interplanar
angle of 18.26(3)8 between the N1,C1,C6,N4 and N1,Ni,N4
entities. Furthermore, the angle between the phenylene ring
plane and the (N1,C1,C6,N4) moiety (5.21(3)8) also contrib-
utes to the observed dislocation of the central nickel atom.
As anticipated, the N-M-N bite angle is larger for M= Ni
(83.41(2)8) than for M=Pt (80.6(2)8), but is still relatively
small. On the contrary, the Cl-Ni-Cl angle is remarkable
large (131.97(1)8) and clearly deviates from the correspond-
ing one in the diamagnetic Pt complex (88.96(6)8) with an
approximate square-planar metal coordination. The local
symmetry at the Ni atom is thus approximately C2v with a
small deviation of the interplanar (Cl1,Ni,Cl2)/ACHTUNGTRENNUNG(N1,Ni,N4)
angle from 908 (87.58(2)8). Through a detailed magnetic sus-
ceptibility study, we will later show that the structural pecu-
liarities of [(btmgb)NiCl2] and related Ni–guanidine com-
plexes (vide infra) are most likely not a signature of the po-
tential non-innocent character of the guanidine ligand but
result from a mixing of excited states into the ground state.ACHTUNGTRENNUNG[(btmgn)NiX2]: The bisguanidine btmgn represents an exam-
ple of a kinetically active proton sponge.[18] Proton sponges
exhibit a very high affinity towards protons, but are other-
wise generally not nucleophilic. Indeed, to date just one
complex[24] of the archetypical proton sponge 1,8-bis(dime-

thylamino)naphthalene[25] has been reported.[26] Recently,
some of us synthesized the first examples of transition-metal
complexes of btmgn, namely, [(btmgn)PdCl2] and
[(btmgn)PtCl2], as well as [(btmgn)PtCl2ACHTUNGTRENNUNG(C2H4)], in which
only one of the N atoms of btmgn is bound to the Pt
atom.[21] It turned out that btmgn can also be used as a
ligand in Ni complexes. Figure 2 illustrates the molecular

structure of the [(btmgn)NiCl2] complex and Table 2 con-
tains selected structural parameters. The molecular structure
and parameters for the corresponding bromo complex are
again provided in the Supporting Information (Figure S2b
and Table S2b). The N-Ni-N angle amounts to only
89.69(4)8. Although this value is much smaller than the tet-
rahedral angle, the Cl-Ni-Cl angle of 128.256(14)8 is much
larger, a situation that parallels that found for
[(btmgb)NiCl2]. It is worth comparing the structure with
those of its heavier homologues [(btmgn)PdCl2] and
[(btmgn)PtCl2].[21] As anticipated, the Pd and Pt homologues
feature a planar coordination around the Group 10 metal,

Figure 2. Molecular structure of [(btmgn)NiCl2]. Ellipsoids are drawn at
the 50 % probability level.

Table 2. Selected parameters (bond lengths [�] and angles [8]) as deter-
mined by X-ray diffraction for [(btmgn)NiCl2] at 200 K.

Ni�N1 1.9771(10) Ni�N4 1.8942(10)
Ni�Cl1 2.2610(4) Ni�Cl2 2.3396(4)
N1�C1 1.4501(14) N4�C9 1.4437(15)
N1�C11 1.3383(14) N4�C16 1.3427(15)
C11�N2 1.3297(14) C16�N5 1.3571(15)
C11�N3 1.3459(14) C16�N6 1.3164(15)
N1-Ni-N4 89.69(4) Cl1-Ni-Cl2 128.256(14)
C1-N1-Ni 118.53(7) C9-N4-Ni 118.41(7)
N1-Ni-Cl1 101.16(3) N1-Ni-Cl2 115.54(3)
N4-Ni-Cl1 105.79(3) N4-Ni-Cl2 109.39(3)
Ni-N1-C11 120.61(8) Ni-N4-C16 119.40(8)
C1-N1-C11 120.80(9) C9-N4-C16 122.02(9)
N1-C11-N2 119.59(10) N4-C16-N5 122.15(10)
N1-C11-N3 125.40(10) N4-C16-N6 120.98(11)
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whereas Ni prefers a distorted tetrahedral coordination. A
remarkable detail of the structures of [(btmgn)PdCl2] and
[(btmgn)PtCl2] is the nonplanarity of the naphthyl aromatic
system. In clear contrast to its Pd or Pt homologue,
[(btmgn)NiCl2] features a planar aromatic naphthyl system.
The N-Pd-N (81.92(19)8) and N-Pt-N (82.06(12)8) bite
angles are identical in the range of the experimental errors
and clearly smaller than the one in the third-row congener
[(btmgn)NiCl2] (N-Ni-N= 89.69(4)8).ACHTUNGTRENNUNG[(btmgbp)NiX2]: Finally, the complexes [(btmgbp)NiX2]
(X=Cl, Br) were prepared. The molecular structure is de-
picted in Figure 3 for the chloro derivative (and in Fig-

ure S2c of the Supporting Information for the bromo deriva-
tive) and selected parameters can be found in Table 3 (and
Table S2c of the Supporting Information). Both molecules
feature a seven-membered ring. One of the most remark-
able structural characteristics is the large X-Ni-X angle of
140.34(3)8 (chloro complex) and 145.00(3)8 (bromo com-
plex). Quantum chemical calculations on isolated molecules
are—except for the salient X-
Ni-X angles—in good agree-
ment with the structures in the
crystalline phase obtained by
X-ray diffraction (see the Sup-
porting Information). We also
report herein on the first struc-
tural analysis of the free
btmgbp ligand. The molecular
structure and the correspond-
ing parameters are displayed in
Figure S3 and Table S3 of the
Supporting Information. The
C=N double bonds (N1=C13
and N4=C18) in this compound
measure 1.288(2) and
1.286(2) � and are thus, as an-
ticipated, significantly shorter
than the C�N single bonds
covering the range 1.377(2)–
1.386(2) �. With measure-
ments of �21.69(30) and
�22.54(30)8, the torsional

angles C1-N1-C13-N2 and C8-N4-C18-N6 deviate signifi-
cantly from 08, which would allow optimal N=C p interac-
tion. Steric reasons are most likely the dominating factors.
Finally, the C1-C6-C7-C8 torsional angle between the two
phenyl rings amounts to 125.73(20)8. As anticipated, the co-
ordination leads to an increase of the N1�C13 and N4�C18
bond lengths and a decrease of all other N�C bond lengths
within the guanidino groups.

NMR spectroscopy: We performed various variable-temper-
ature (VT) NMR spectroscopy experiments (with modified
recording parameters), which indeed proved to be fruitful.
However, the interpretation of these experiments is compli-
cated because of the coincidence between paramagnetic
shift and signal splitting due to several fluxional processes
within the guanidino groups. We will therefore report on
these temperature-dependent studies separately. Herein, we
will only report on the two btmgbp complexes
[(btmgbp)NiCl2] and [(btmgbp)NiBr2], which gave well-re-
solved paramagnetic NMR spectra even at room tempera-
ture. Figure 4 displays the 1H NMR spectra recorded at
600 MHz for these two complexes at a temperature of

Figure 3. Molecular structure of [(btmgbp)NiCl2]. Ellipsoids are drawn at
the 50 % probability level.

Table 3. Selected parameters (bond lengths [�] and angles [8]) as deter-
mined by X-ray diffraction for [(btmgbp)NiCl2] at 200 K.

Ni�N1 1.9783(14) Ni�Cl 2.2599(5)
N1�C1 1.425(2) N1�C7 1.327(2)
C7�N2 1.360(2) C7�N3 1.360(2)
C1�C6 1.399(2) C6�C6’ 1.504(3)
N1-Ni-N1’ 104.38(8) Cl-Ni-Cl’ 140.34(3)
Ni-N1-C1 114.51(11) C7-N1-Ni 126.37(12)
N1-C1-C6 121.36(15) N1-C7-N2 121.06(15)
N1-C7-N3 123.36(16) N2-C7-N3 115.57(16)
Ni-N1-C7-N2 22.02(46) Ni-N1-C7-N3 �158.23(26)
C1-C6-C6’-C1’ �67.35(47)

Figure 4. 1H NMR spectra (600 MHz, CD2Cl2) as recorded for [(btmgbp)NiCl2] and [(btmgbp)NiBr2].
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295 K. Due to their C2 symmetry, a total of eight signals is
expected in both spectra, whereas almost all signals are lo-
cated outside the diamagnetic region (d=0–10 ppm). Inte-
gration allows for the separation of the resonances into sig-
nals from methyl and from aromatic protons. Furthermore,
the assignment of the aromatic protons was realized by con-
sidering typical features of the electron–nucleus interactions
in paramagnetic compounds.[27] The line broadening associ-
ated with the dipolar shift is proportional to the distance be-
tween the paramagnetic center and the observed nucleus.
Therefore it was assumed that the very broad signal at d=

�8.51 for the chloro and d=�10.61 for the bromo complex,
respectively, corresponds to the aromatic proton closest to
the metal center (H2). As the sign of the spin polarization
caused by Fermi contact interaction alternates with the
number of bonds between the metal center and the H
atoms, the second signal with a positive contact shift at d=

�9.35 for the chloro and d=�9.58 for the analogue bromo
complex was assigned to H4. The remaining two signals of
aromatic protons (H3, H5), which undergo a negative con-
tact shift, could be distinguished by using 2D NMR spectros-
copy experiments. Due to very similar through-space distan-
ces to the metal center and identical numbers of bonds be-
tween the hydrogen atoms and Ni, a clear assignment of the
methyl signals was impossible.

Magnetic measurements : In Figure 5, the inverse magnetic
direct-current (dc) susceptibility c�1(T) for a selected
sample of [(btmgb)NiCl2] is depicted. Here the molar core
diamagnetism of cdia =�0.136 memu mol�1 has been sub-
tracted from the data.[28] A linear temperature dependence
of c�1(T) is observed above 50 K and a fit according to a
Curie–Weiss law yields an effective magnetic moment of
meff = 3.12 mB, thereby indicating a triplet ground state of

[(btmgb)NiCl2],[29a] which is also in line with the predictions
by DFT calculations (Table 4).

Below 25 K the inverse susceptibility c�1(T) of
[(btmgb)NiCl2] starts to deviate from the linear behavior ex-

pected for a Curie–Weiss law and saturates below 6 K. Ac-
cordingly, the effective magnetic moment meff/cT displays a
constant value at higher temperatures and a rapid decrease
below 50 K (see inset on the upper left corner of Figure 5).
This observation may be due to an onset of antiferromag-
netism (afm). However, the shape of the magnetization
curve m(B), pictured in the lower right inset of Figure 5, is
in contrast to this scenario, in which a positive curvature of
m(B) would be expected.

The observed temperature dependency of meff can instead
be explained by a model that includes the effect of zero-
field splitting, that is, the separation of multiplet sublevels in
the absence of an external magnetic field.[29b] In this model,
the following Hamiltonian is taken as a starting point
[Eq. (2)]:[30]

h ¼ D �
�

S2
Z�

1
3

S2

�
þ mBg

m0
ðB0 � SÞ ð2Þ

in which D is the axial zero-field splitting parameter, S is
the spin operator, mB is Bohr magneton, m0 is the vaccum
permeability is the isotropic Land� factor, and B0 is the ex-
ternal applied magnetic field. In the case of a ground state
with quenched orbital moment L and J=S=1, one obtains
the following equation for the molar susceptibility
[Eq. (3)].[30]

cM ¼
2NAm2

B

3kBðT �VCWÞ
g2 e�D=kBT þ 2 kBT

D 1� e�D=kBT
� �

1þ 2e�D=kBTð Þ þ TIP

ð3Þ

in which NA is Avogadro’s number, kB is the Boltzmann con-
stant, VCW is the Curie–Weiss temperature (applied to take
possible intermolecular interactions into account), and TIP
is the temperature-independent paramagnetism. The solid
lines in Figure 5 (with the exception of the straight line in
the lower right inset) are fitted to the data according to
Equation (3). The resulting values for the fit parameters g,
D, TIP, and VCW are listed in Table 5 (as well as section S16
in the Supporting Information) for all four of the com-

Figure 5. The temperature dependence of the inverse magnetic suscepti-
bility (c�TIP)�1 and (c�TIP)T (see inset in the upper left corner) of
[(btmgb)NiCl2] measured in an applied field of B=1 T. In both cases, the
solid lines follow a fit to the data according to Equation (3). The magnet-
ic field dependence of the magnetization at T= 2 K is depicted in the
inset in the lower right corner. Here, the slope of the straight line is
equal to csat =0.0555 emu mol�1 below 6 K.

Table 4. Triplet–singlet energy (DETS) and Gibbs free energy (DGTS) dif-
ferences [kJ mol�1] as calculated for all of the bisguanidine complexes
(see the Computational Methods in the Experimental Section).

DETS DGTSACHTUNGTRENNUNG[(btmgb)NiCl2] 43.3 55.3ACHTUNGTRENNUNG[(btmgb)NiBr2] 79.5 88.9ACHTUNGTRENNUNG[(btmgn)NiCl2] 133.1 138.0ACHTUNGTRENNUNG[(btmgn)NiBr2] 134.5 139.2ACHTUNGTRENNUNG[(btmgbp)NiCl2] 103.9 107.2ACHTUNGTRENNUNG[(btmgbp)NiBr2] 104.7 100.8
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pounds. A negligible paramagnetic Curie–Weiss temperature
VCW =�0.01 K is found for all samples. The values of the
isotropic Land� factor g and the axial zero-field splitting pa-
rameter D are in good agreement with other studies on tet-
rahedrally coordinated NiII complexes, in which the zero-
field splitting was taken into account.[30–32]

Electronic structure of [(btmgb)NiCl2]: The origin of zero-
field splitting (ZFS) lies in a weak interaction of the spins
mediated by spin–orbit coupling.[30] Accordingly, spin–orbit
mixing of certain excited states into the ground state of our
d8 Ni–guanidine benchmark system [(btmgb)NiCl2] will in-
fluence its electronic structure and consequently its elec-
tron-density distribution. Experimental electron-density
maps of [(btmgb)NiCl2] should therefore provide hints to
the presence of ZFS. In this respect, experimental charge-
density studies might complement the established tech-
niques,[30] for example, electron paramagnetic resonance
(EPR) spectroscopy, magnetic susceptibility and magnetiza-
tion measurements, calorimetry, inelastic neutron scattering
(INS), and nuclear magnetic relaxation dispersion to charac-
terize the ZFS. Since experimental charge-density distribu-
tions do not suffer from an insufficient treatment of relativ-
istic effects and electron correlation, they might serve as ref-
erence densities for theoretical studies.[33] Finally, the analy-
sis of the topology of our experimental charge-density distri-
bution of [(btmgb)NiCl2] will allow for the quantification of
electron donation from the btmgb ligand to the Ni atom and
thus an estimate of the degree of any competing NIL behav-
ior in this benchmark system.

Figure 6 shows an ORTEP plot of [(btmgb)NiCl2] display-
ing 50 % probability ellipsoids based on high-order X-ray
data at 7 K and subsequent multipolar refinements. A com-
parison of the structural parameters of the experimental (at
7 K) and DFT-optimized structure of [(btmgb)NiCl2] (see
Table 6 and Figure 6 for salient bond lengths and angles; for
further geometrical data, see section S8 of the Supporting
Information) shows no major disagreement except in case of
the aCl-Ni-Cl valence angles. Although DFT calculations
predict a nearly ideal tetrahedral aCl-Ni-Cl angle of 109.78,
a significantly more obtuse angle of 131.973(6)8 is found in
our experimental model.[34] However, the DFT optimizations
of a second [(btmgb)NiCl2] model with the aCl-Ni-Cl angle
constrained at the experimental geometry show that the
energy increases solely by about 3 kJ mol�1 without any fur-
ther significant consequences to the remaining structural pa-

rameters. In the case of MP2 calculation using the respective
DFT geometries and the same basis set, an even smaller
energy difference is computed (1.9 kJ mol�1). This result sug-
gests a rather soft potential for aCl-Ni-Cl angle distortions,
which might be a consequence of the mixing of certain excit-
ed states into the ground state due to the ZFS. Differences
in experimental and theoretical aX-Ni-X valence angles of
approximately 158 in combination with a remarkable flat-
ness of the potential-energy surface regarding the variation
of this angle were also found for [(btmgb)NiBr2]. Similar
but somewhat smaller deviations were also found for the
btmgbp analogues (see section S4 of the Supporting Infor-
mation), and all of these complexes show a significant ZFS
(Table 5). This systematic trend in [LNiX2] d8 complexes
that display different bisguanidine (L) and halide ligands
(X) suggests that electronic effects (ZFS) rather than inter-
molecular hydrogen bonding and crystal-packing effects
might be responsible for the disagreement between the ex-
perimental and DFT-based aX-Ni-X valence angles.
Indeed, in a recent systematic DFT study of the ZFS in MnII

complexes, Zein et al. demonstrated that “even minor errors
in the computed structure by DFT translate into significant
errors in the predicted ZFS (by means of the coupled-per-
turbed spin–orbit coupling approach) owing to the subtle in-
terplay of factors that contribute to the ZFS”.[35] Hence, in
the study by Zein et al. the quality of the predicted ZFS pa-
rameters decreased markedly for the DFT-optimized struc-
tures. This again suggests that a proper theoretical treatment
of spin–orbit coupling (SOC), the mixing of excited states
with the ground state, and eventually also direct dipole–
dipole interactions of unpaired electrons (SS)[36] might be
necessary for meaningful geometry optimizations of com-
pounds that display a pronounced ZFS. This aspect warrants
further exploration in future theoretical studies of our
model systems.

To rule out a competing NIL effect in our benchmark
[(btmgb)NiCl2], we compared in the first step the topologi-

Table 5. The calculated fit parameters g, D, TIP, and VCW obtained by a fit to the in-
verse susceptibility data (c(T)�TIP)�1 according to Equation (3). All samples were
measured in a magnetic field of 50 mT, except for [(btmgb)NiCl2], which was mea-
sured in an applied field of 1 T.ACHTUNGTRENNUNG[(btmgb)NiCl2] ACHTUNGTRENNUNG[(btmgb)NiBr2] ACHTUNGTRENNUNG[(btmgbp)NiCl2] ACHTUNGTRENNUNG[(btmgbp)NiBr2]

g 2.16 2.13 2.21 2.20
D [cm�1] 29.2 29.6 12.7 20.8
TIP [memu
mol�1]

0.31 1.09 1.15 0.20

VCW [K] �0.01 �0.01 �0.01 �0.01

Figure 6. Molecular structure of [(btmgb)NiCl2] based on high-order X-
ray data at 7 K and multipolar refinements; 50 % probability ellipsoids;
hydrogen atoms have been omitted for clarity; selected angles are shown
(above: experimental values, below: theoretical values obtained at the
PBEPBE/6-311+G ACHTUNGTRENNUNG(d,p) level of approximation).
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cal properties of the C�C bonds at their bond critical points
(BCPs). For detailed information, see section S11 in the
Supporting Information. Despite the minute shortening of
the C2�C3/C4�C5 bonds relative to the remaining C�C
bonds of the benzyl ring, the topological parameters do not
support any benzoquinonediimine-type electron distribution
in favor of an NIL behavior. Indeed, the slightly shortened
C2�C3/C4�C5 bonds display a smaller charge density accu-
mulation at the bond critical points 1(rc)=2.07(5) e ��3 rela-
tive to the somehow elongated C3�C4/C1�C6 bonds 1(rc)=

2.21(4) e ��3 (see Table 6). However, these differences are
small, and the two-dimensional representation of the Lapla-
cian, 521(r), in the phenyl plane (Figure 7) shows similar
charge concentration and depletion features in the valence
shell of all carbon atoms. This again rules out any significant
distortions of the phenyl ring p system and rather disfavors

the classification of the btmgb
donor molecule as a non-inno-
cent ligand in [(btmgb)NiCl2].

In the next step we inspect-
ed the local electronic situation
at the complex center. The sa-
lient topological properties of
the Ni�N and Ni�Cl bonds are
again reported in Table 6. The
positive sign of the Laplacian
and the significant density ac-
cumulation (ca. 0.6 e ��3) at
the Ni�N BCPs reflect the
high polarity of these covalent
Ni�N bonds. Since strong Ni�
N1/Ni�N4 bonds are presuma-
bly established at the expense
of their neighboring N1�C7/
N4�C12 bonds, one would
expect that the formal double-
bond character of these bonds
is significantly reduced relative
to the situation in the free
btmgb ligand. This shortening
is, however, only weakly re-
flected by the N1�C7/N4�C12
bond-length differences be-
tween the free and coordinated
btmgb ligand (see above and
Table 6). We therefore traced
bond ellipticity (e) profiles[37]

of the characteristic N�C
bonds in [(btmgb)NiCl2] as
sensitive measure of their p-
bonding character. According
to the mathematical definition
(Figure 8), e values greater
than zero indicate partial p

character in a bond or elec-
tronic distortion from s sym-
metry along the bond path.

Whereas the ellipticity profile of ethene shows a symmetri-
cal bell-shaped ellipticity profile around the BCP,[37a] the
DFT calculations predict rather asymmetric e profiles for
the polar C7�N1 bond in the free btmgb ligand (Figure 8).
This is mainly due to a significant shift of the BCP towards
the more electropositive carbon atom.[38b,c] The computed el-
lipticity at the BCP of 0.25 for the btmgb ligand is pro-
nounced and serves as our benchmark for a localized N=C
double bond. On complexation, however, the calculated
bond ellipticity and thus the double-bond character becomes
clearly reduced (e= 0.21), which is in line with a subtle bond
elongation of approximately 0.03 �. More remarkable, how-
ever, is the formation of a second maximum in the C7�N1
ellipticity profile of [(btmgb)NiCl2]. This apparent addition-
al perturbation of the valence density[38a,d,e] is connected to
the fine structure of the valence shell of charge concentra-

Table 6. Comparison of selected experimental and theoretical bond lengths and topological parameters of the
electron-density distribution at the BCPs of [(btmgb)NiCl2] and the free btmgb ligand (DFT values only).

Unit Method Bond length [�] 1(rc) [e�3] 521(rc) [e�5] e

Ni�Cl1 exptl 2.2563(2) 0.54(1) 6.3(1) 0.05
theory[a] 2.283 0.47 4.8 0.03
theory[b] 2.268 0.49 5.2 0.03

Ni�Cl2 exptl 2.2468(2) 0.56(1) 7.0(1) 0.09
theory[a] 2.211 0.56 6.0 0.07
theory[b] 2.201 0.59 6.2 0.05

Ni�N1 exptl 1.9961(4) 0.56(2) 6.7(1) 0.10
theory[a] 2.010 0.58 8.7 0.06
theory[b] 2.005 0.59 8.3 0.06

Ni�N4 exptl 1.9888(5) 0.60(1) 8.9(1) 0.14
theory[a] 2.011 0.58 8.7 0.06
theory[b] 2.005 0.59 8.3 0.06

N1�C1 exptl 1.4117(7) 1.97(6) �15.9(2) 0.16
theory[a] 1.405 1.95 �18.6 0.09
theory[b] 1.400 2.00 �18.9 0.10

free btmgb theory[a] 1.399/1.406 1.98/1.96 �19.3/�19.0 0.05
C1�C6 exptl 1.4105(7) 2.15(4) �22.3(1) 0.22

theory[a] 1.424 1.98 �18.3 0.23
theory[b] 1.419 2.03 �19.4 0.23

free btmgb theory[a] 1.430 1.93 �17.3 0.23
C1�C2 exptl 1.3999(7) 2.08(5) �18.9(2) 0.19

theory[a] 1.408 1.99 �18.4 0.22
theory[b] 1.405 2.04 �19.3 0.20

free btmgb theory[a] 1.411 1.98 �18.1 0.23
C2�C3 exptl 1.3922(8) 2.07(5) �17.3(2) 0.12

theory[a] 1.395 2.02 �18.9 0.21
theory[b] 1.394 2.07 �19.9 0.19

free btmgb theory[a] 1.399 2.02 �19.0 0.21
C3�C4 exptl 1.3958(8) 2.21(4) �25.0(1) 0.17

theory[a] 1.401 2.02 �19.0 0.20
theory[b] 1.397 2.07 �19.7 0.18

free btmgb theory[a] 1.401 2.02 �19.0 0.20
N1�C7 exptl 1.3245(7) 2.58(7) �30.3(3) 0.30

theory[a] 1.337 2.29 �23.6 0.21
theory[b] 1.333 2.37 �25.3 0.22

free btmgb theory[a] 1.303/1.301 2.44 �24.6/�24.7 0.25/0.26
C7�N2 exptl 1.3555(7) 2.26(6) �18.4(3) 0.22

theory[a] 1.369 2.12 �21.2 0.23
theory[b] 1.365 2.19 �22.9 0.25

N2�C8 exptl 1.4497(7) 1.79(6) �15.8(3) 0.13
theory[a] 1.462 1.72 �20.5 0.23
theory[b] 1.458 1.75 �14.7 0.06

[a] PBEPBE/6-311+G ACHTUNGTRENNUNG(d,p) level of approximation. [b] PBE-ZORA/TZ2P level of approximation.
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tion[39] (VSCC) of the N1 atom as we will see later
(Figure 7). We note that the N1�C7 ellipticity profile based
on the experimental data shows slightly higher ellipticity
values; however, both profiles display the same characteris-
tic double-maximum topology, which clearly differs from
that in the free btmgb ligand.

To quantitatively survey the actual donor capability of the
btmgb ligand, the values of the atoms-in-molecules (AIM)
atomic charge qB and the integrated source function SF-ACHTUNGTRENNUNG(r’,W)[40] are listed in Table 7. In case of the formally d8-con-

figured Ni atom, we find net charges of +0.86 and + 0.91 e,
which are in fine agreement between experiment and
theory, respectively. This large deviation from its formal
charge is further support for pronounced Ni !N donation.
The net charges of the two chlorine atoms (�0.82/�0.72 e
[both �0.62 e]) are close to their expected formal charge of
�1 (theoretical values are specified in square brackets in the
following). To gain a more detailed insight into the charge
transfer between the metal center and its ligand, the inte-
grated source function SFACHTUNGTRENNUNG(r’,W) was calculated for the Ni�N
BCPs in the next step. Making use of Green�s function, the
SF ACHTUNGTRENNUNG(r’,W) provides a measure of the relative importance of
the contribution of each atom to the density at a specific ref-
erence point r’. Furthermore, the source function atomic
contributions represent “a more robust chemical bond de-
scriptor than other commonly used bond topological indices
which are too sensitive” to the choice of the multipole
model in experimental or of the method of approximation
in theoretical studies.[40f] As expected, the major contribu-
tions to the density at the Ni�N1 bond critical point arise
from the atoms constituting the bond (59.4 %, (64.0%)).
Further significant contributions to the Ni�N1 BCP stem to
an almost equal share from the phenyl ring and the C[N-ACHTUNGTRENNUNG(CH3)2]2 moiety attached to N1 (13.4 % [11.6 %] and 14.7 %
and [12.6 %], respectively). Hence, the btmgb ligand clearly
acts as a strong electron donor in the presence of the Lewis
acidic NiCl2 moiety.

Strong metal–ligand interactions are also signaled by the
pronounced structuring of the VSCC at the nitrogen donors
and the central Ni atom. Indeed, zones of local charge con-

Figure 7. Contour map of L(r) =�521(r) in the plane spanned by the
phenyl ring (left) and in the (Ni,N1,N4) plane (right) in [(btmgb)NiCl2]
obtained from the experimentally determined charge-density distribution.
Contour levels are drawn at 0, � (2.0 � 10n), � (4.0 � 10n), � (8.0 �
10n) e��5, in which n=0, �3, �2, �1; positive and negative values are
marked by solid and dashed lines, respectively. Solid lines denote the
bond paths. BCPs and ring critical points (RCPs) are marked by closed
circles and open squares, respectively. The inset on the right-hand side
displays the envelope map of L(r) at the N1 atom in [(btmgb)NiCl2]. In
the case of the nitrogen donor atom N1, three bond-directed valence
charge concentrations (CC1–CC3) are denoted by arrows. Note that CC1
of the nitrogen donor atoms points to a local charge depletion zone (CD)
at the nickel atom in a key-and-lock principle.

Figure 8. Experimental (c) and theoretical (PBEPBE/6-311+G ACHTUNGTRENNUNG(d,p)
level of approximation) bond ellipticity profiles along the N1�C7 bond in
[(btmgb)NiCl2] (b) and the free btmgb ligand (g). The definition of
the bond ellipticity (e) is illustrated by the 1(r) contour map in the inset
showing the charge density in the plane perpendicular to the bond path
at the C7�N1 bond CP of the free btmgb ligand. Thus, e is a measure of
the nonspherical charge distribution of 1(r): e =l1/l2�1. li are the eigen-
values of the corresponding eigenvectors v1 and v2 of the Hessian matrix
of 1(r).

Table 7. Atomic charges and integrated source function SF ACHTUNGTRENNUNG(r,W) of the
Ni�N1 BCP resulting from integration of the experimentally and theoret-
ically obtained charge-density distribution (PBEPBE/6-311+G ACHTUNGTRENNUNG(d,p) level
of approximation) over atomic basins in [(btmgb)NiCl2]. For a complete
list, see sections S13 and S14 of the Supporting Information.

Basin Method qB [e] SF of Ni�N1 BCPACHTUNGTRENNUNG[% of 1(rc)]

Ni exptl + 0.859 35.3
theory + 0.913 37.7

Cl1 exptl �0.818 4.5
theory �0.622 3.8

Cl2 exptl �0.723 4.4
theory �0.619 4.3

N1 exptl �1.103 24.1
theory �1.079 26.3

N4 exptl �1.091 �0.6
theory �1.079 �0.7

benzyl moiety exptl + 0.677 13.4
theory + 0.637 11.6

guanidine 1[a] exptl + 0.025 38.8
theory �0.145 38.9

guanidine 2[a] exptl + 0.037 5.7
theory �0.143 4.6

[a] The guanidine 1 unit is defined as the following group of atoms: N1–
N3, C7–C11, and the hydrogen atoms bonded to these carbon atoms. The
guanidine 2 unit is likewise defined by the atoms N4–N6, C12–C16. Inte-
grated charges (qB [e]) in the free btmgb ligand (PBEPBE/6-311+G-ACHTUNGTRENNUNG(d,p)): N1: �1.102; N4: �1.080; benzyl moiety: +0.581; each guanidine
moiety: �0.281.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 1336 – 13501344

H.-J. Himmel, W. Scherer et al.

www.chemeurj.org


centration (CC) and charge depletion (CD) in the VSCC
are clearly revealed by local maxima and minima of the neg-
ative Laplacian of the electron density L(r)=�521(r), re-
spectively (Figure 7).[39a] In the case of the coordinating N
atoms (see inset of Figure 7, right) two bonding CCs point
towards the neighboring carbon atoms (C1/C7 and C6/C12,
respectively) and signal covalent N�C bonding. Further-
more, Figure 7 shows that a third CC of each nitrogen donor
faces a corresponding CD at the Ni atom in a key-and-lock
principle in line with pronounced Ni�N charge transfer. We
further note that these metal-directed CCs at the N1 and N4
atoms (denoted CC1 in the inset of Figure 7) extend signifi-
cantly above and below the NiN2 plane consonant with the
presence of pACHTUNGTRENNUNG(N!Ni) donation (see section S17 of the Sup-
porting Information for details). However, the sACHTUNGTRENNUNG(N!Ni)
donor component clearly exceeds these p interactions.
Therefore, only three equatorial bond-directed charge con-
centrations (denoted CC1�CC3 in Figure 7) are observed at
the N1 and N4 atoms, whereas the formation of spatially
separated nonbonding charge concentrations above and
below the NiN2 plane is prevented. From a topological point
of view, the diffuse and extended shape of CC1 can be
therefore considered to result from a merging of the axial
nonbonding valence charge concentrations and the metal-di-
rected lone-pair charge concentration (yielding the s ACHTUNGTRENNUNG(N!
Ni) donation) at the N1/N4 atoms into a single feature (de-
noted CC1 in Figure 7). This topological scenario reflects
the mixed s/p character of the Ni�N bond. In contrast, the
noncoordinating sp2-hybridized nitrogen atoms N3 and N6
display spatially resolved axial CCs that are in accordance
with a significant p delocalization in the NC3 moieties[38c]

(see section S17 of the Supporting Information). The p-
bonding character of the Ni�N bonds is additionally sup-
ported by pronounced Ni�N bond ellipticities of 0.10–0.14
[0.06] as well as by the presence of four Kohn–Sham spin or-
bitals of significant Ni�N p character (see section S15 of the
Supporting Information for details). Regarding the VSCC of
the central metal atom, we find six local charge depletion
zones in an octahedral arrangement, consistently in theory
and experiment (see Figure 9, left and middle). However,
the choice of higher isosurface L(r) values reveals distinct
differences between experiment and theory: the latter one
displays eight zones of charge concentration versus six zones
in our experimental model. These differences might be di-
rectly due to the incomplete treatment of spin-orbit mixing

of excited states into the ground state of the molecule in the
theoretical model. However, the local L(r) topologies in the
VSCC of the nickel atom are still highly related and clearly
deviate from what is found in the diamagnetic d10 complex
[(dbpe)Ni ACHTUNGTRENNUNG(C2H4)][41] (dbpe= 1,2-bis(di-tert-butylphosphino)-
ethane, Figure 9, right). Here, the metal center is coordinat-
ed in a square-planar arrangement and the number of
CCs—in theory as well as in experimental studies—reduces
to four.

In a final step, the spin density of the complex was ana-
lyzed; it is depicted in Figure 10. At a first glance, it is al-
ready clear that the spin density is virtually concentrated at

the Cl2NiN2 moiety. Integration of the spin density over
each atomic basin provides the following atomic spins
(PBE-ZORA/TZ2P level of approximation): qs(Ni)= 1.51,
qs ACHTUNGTRENNUNG(Cl1) =0.09, qs ACHTUNGTRENNUNG(Cl2) =0.14, qs(N1)= 0.06, and qs(N4) =

0.05 e. Significantly, smaller spin contaminations (0.02 e) are
located at the N atoms of the bisguanidine units (for a de-
tailed list, see section S14 of the Supporting Information),
integration of the remaining atomic basins yields only negli-
gible spin contributions. The lack of spin density at the
phenyl ring again disfavors the classification of btmgb as a
predominant non-innocent ligand and is in good agreement
with our conclusions based on structural data and topologi-
cal analyses of the electron-density distribution. However,
we expect a quite different scenario in the case of 1,2,4,5-
tetrakis(tetramethylguanidino)benzene complexes, which
are characterized by a stronger donor–acceptor character.
These complexes will be the focus of future studies.

Conclusion

Herein we used the chelating bisguanidine ligands bis(tetra-
methylguanidino)benzene (btmgb), bis(tetramethylguanidi-
no)naphthalene (btmgn), and bis(tetramethylguanidino)bi-

Figure 9. Envelope map of L(r) at the Ni atom in [(btmgb)NiCl2] ob-
tained from the experimental (left) and theoretical (middle, PBEPBE/6-
311+G ACHTUNGTRENNUNG(d,p) level of approximation) charge-density distributions, and of
the Ni VSCC in [(dbpe)Ni ACHTUNGTRENNUNG(C2H4)], also obtained from an experimental
charge-density study (right).

Figure 10. Envelope map of the spin density 1s(r)=0.005 au of
[(btmgb)NiCl2] (PBE-ZORA/TZ2P level of approximation).
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phenyl (btmgbp) to synthesize six new paramagnetic NiII

complexes that exhibit interesting magnetic properties and
electronic structures. A detailed inspection of the magnetic
susceptibility of [(btmgb)NiX2] and [(btmgbp)NiX2] (X= Cl,
Br) revealed a linear temperature dependence of (c�TIP)�1

(T) above 50 K, which was in agreement with a Curie–
Weiss-type behavior and a triplet ground state. Below ap-
proximately 25 K, however, the inverse susceptibility of
[(btmgb)NiX2] and [(btmgbp)NiX2] starts to deviate from
the Curie–Weiss law and saturates below 6 K. This behavior
could be explained by a model that includes the effect of
zero-field splitting (ZFS) and thus the spin–orbit mixing of
certain excited states into the ground state. The presence of
ZFS was identified as one potential reason for the rather
flat aCl-Ni-Cl deformation potential and the distinct differ-
ences between the aX-Ni-X valence angles observed by ex-
periment and predicted by DFT. An analysis of the topology
of the experimental and theoretical electron-density distri-
butions of [(btmgb)NiCl2] confirmed the strong donor char-
acter of the bisguanidine ligand but clearly ruled out any
significant non-innocent ligand (NIL) behavior. Hence,
[(btmgb)NiCl2] provides an experimental reference system
for studying the mixing of certain excited states into the
ground state unbiased by any competing NIL behavior. The
detailed evaluation of the electronic structure of the
[(btmgb)NiCl2] complex thus provides an innocent bench-
mark system for future studies on NiII complexes that dis-
play the “non-innocent” ligand 1,2,4,5-tetramethylguanidi-
nobenzene (ttmgb).

Experimental Section

All reactions were carried out under an atmosphere of argon by using
standard Schlenck techniques. The bisguanidines btmgb[20, 17] and
btmgbp[42] were synthesized as described in the literature. The bisguani-
dine btmgn and [(dme)NiCl2] were purchased from Fluka and ABCR, re-
spectively. Dichloromethane was dried over CaH2 and distilled before
using. Acetonitrile and n-hexane were purchased from Aldrich and used
without further purification. NMR spectra were recorded using a Bruker
Avance III 600 spectrometer. A Perkin–Elmer Lambda 19 and a Tidas II
J&M spectrometer were used for UV/Vis spectroscopy. Magnetic meas-
urements were made using a Quantum Design MPMS-XL-5 apparatus or
a Quantum Design MPMS-XL-7. For IR spectroscopy CsI discs of the
compounds were made, which were then measured using a FTIR Biorad
Merlin Excalibur FT 3000 spectrometer. CV measurements were con-
ducted using a EG&G Princeton 273 apparatus.ACHTUNGTRENNUNG[(btmgb)NiCl2]: [(dme)NiCl2] (109.9 mg, 0.50 mmol) was dissolved in
CH2Cl2 (5 mL), cooled to �80 8C, and subsequently added to a solution
of btmgb (152.2 mg, 0.50 mmol) in CH2Cl2 (10 mL; also cooled to
�80 8C). The mixture changed its color gradually to brown. After stirring
the suspension for 1 h at �80 8C, the mixture was allowed to warm up to
room temperature over 18 h. A green-grey precipitate was filtered off,
and the solvent of the filtrate was removed in vacuo. A green precipitate
was obtained. It was washed 2 times with n-hexane (5 mL). Yield:
188.1 mg (87 %). Crystals suitable for X-ray diffraction were obtained in
CH3CN at 2 8C. IR (CsI): ñ=2930 (m) (n ACHTUNGTRENNUNG(C�H)), 2881 (m) (n ACHTUNGTRENNUNG(N�CH3)),
1634 (s) (n ACHTUNGTRENNUNG(C=N)), 1541 (s) (n ACHTUNGTRENNUNG(C=N)), 1463 (s), 1399 (s) (d ACHTUNGTRENNUNG(C�H)/n ACHTUNGTRENNUNG(C=

C)), 752 cm�1 (s) (d(Caromat�H)); UV/Vis (CH2Cl2, c =1.55 � 10�3 mol L�1,
20 8C): l (e)=430 (487.8), 504 (216.6), 570 (125.3), 690 nm
(79.2 mol�1 dm3 cm�1); HRMS (EI+): m/z (%): 434.1087 (100.00) [M]+ ,
397.1410 (6.06) [M�Cl]+ , 304.2376 (41.93) [M�Cl2Ni]+ , 260.1865 (58.52)

[M�C2H6NCl2Ni)]+ , 233.1765 (39.62) [M�C3H7N2Cl2Ni]+ , 190.1446
(17.95) [M�C5H12Cl2N3Ni]+ , 188.1309 (30.68) [M�C5H14Cl2N3Ni]+ ; ele-
mental analysis calcd (%) for C16H28Cl2N6Ni (413.6): C 44.28, H 6.50, N
19.36; found: C 46.37, H 6.80, N 20.33.

Crystal data for [(btmgb)NiCl2]: C16H28Cl2N6Ni; Mr =434.05; 0.35 � 0.35 �
0.20 mm3; monoclinic; space group P21/n ; a =14.292(3), b =10.838(2), c=

14.436(3) �; b =113.06(3)8 ; V= 2057.4(7) �3; Z=4; 1calcd =1.401 Mg m�3 ;
MoKa radiation (graphite monochromated, l=0.71073 �); T=200 K;
qrange =1.70 to 27.508 ; reflections measured 8775; independent reflections
4555; Rint =0.0910; semiempirical absorption correction; final R indices
[I>2s(I)]: R1= 0.0558, wR2=0.1457.ACHTUNGTRENNUNG[(btmgb)NiBr2]: A solution of [(dme)NiBr2] (77.2 mg, 0.25 mmol) in
CH2Cl2 (5 mL) was cooled to �40 8C and added to a solution of btmgb
(76.1 mg, 0.25 mmol) in CH2Cl2 (10 mL) at �40 8C. After stirring the
dark brown-green suspension for 1 h at �40 8C, the mixture was allowed
to warm up to room temperature over 18 h. A dark green precipitate was
filtered off, and the solvent of the filtrate was removed in vacuo to
obtain a dark green precipitate, which was washed 2 times with n-hexane
(5 mL). Yield: 114.8 mg (88 %). Crystals suitable for X-ray diffraction
were obtained in CH3CN at 2 8C. IR (CsI): ñ =2930 (m) (n ACHTUNGTRENNUNG(C�H)), 2873
(m) (n ACHTUNGTRENNUNG(N�CH3)), 2797, 1690–1500 (s) (n ACHTUNGTRENNUNG(C=N)/n ACHTUNGTRENNUNG(C=C)), 1399 (s) (d ACHTUNGTRENNUNG(C�
H)), 770 cm�1 (s) (d(Caromat�H)); UV/Vis (CH2Cl2, c =1.32 � 10�3 mol L�1,
20 8C): l (e)=457 (421.8), 526 (290.8), 598 (152.5), 707 nm
(78.1 mol�1 dm3 cm�1); HRMS (EI+): m/z (%): 522.0071 (77.20) [M]+ ,
443.0910 (100.00) [M�Br]+ , 361.1634 (8.90) [M�HBr2]

+, 305.7143 (9.06)
[M�Br2Ni +H]+ , 260.1862 (59.31) [M�C2H6NBr2Ni)]+ , 233.1746 (30.97)
[M�C3H7N2Br2Ni]+, 188.1316 (46.55) [M�C5H14Br2N3Ni]+ ; elemental
analysis calcd (%) for C16H28Br2N6Ni (522.97): C 36.75, H 5.40, N 16.07;
found: C 34.98, H 5.40, N 15.26.

Crystal data for [(btmgb)NiBr2]: C16H28Br2N6Ni; Mr =522.97; 0.23 � 0.14 �
0.04 mm3; monoclinic; space group P21/n ; a =14.214(3), b =10.840(3), c=

14.616(3) �; b =113.110(4)8 ; V =2071.4(8) �3; Z=4, 1calcd =

1.677 Mg m�3 ; MoKa radiation (graphite monochromated, l=0.71073 �);
T= 200 K; qrange =1.67 to 31.508 ; reflections measured 51 930; independ-
ent reflections 6847; Rint =0.0657; semiempirical absorption correction;
final R indices [I>2s(I)]: R1 =0.0308, wR2=0.0738.ACHTUNGTRENNUNG[(btmgn)NiCl2]: A cooled (�80 8C) solution of [(dme)NiCl2] (109.9 mg,
0.50 mmol) in CH2Cl2 (5 mL) was added to a cooled (�80 8C) solution of
btmgn (177.3 mg, 0.50 mmol) in CH2Cl2 (10 mL). The mixture changed
its color to brown. After stirring for 1 h, the mixture was allowed to
warm up to room temperature over 18 h. A brown precipitate was fil-
tered off, and the solvent of the filtrate was removed in vacuo to obtain a
brown precipitate, which was washed 2 times with n-hexane (5 mL).
Yield: 127.7 mg (53 %). Crystals suitable for X-ray diffraction were ob-
tained in CH3CN at 2 8C. IR (CsI): ñ=2995 (m) (n ACHTUNGTRENNUNG(C�H)), 2870 (m) (n-ACHTUNGTRENNUNG(N�CH3)), 1610 (s) (n ACHTUNGTRENNUNG(C=N)), 1555 (s) (d ACHTUNGTRENNUNG(C=N)), 1465 (s) (dACHTUNGTRENNUNG(C=N)),
1410 (s) (d ACHTUNGTRENNUNG(C=C)), 765 cm�1 (m) (d(Cnaphthyl�H); UV/Vis (CH2Cl2, c=

2.61 � 10�4 mol L�1, 20 8C): l (e) =409 (2549.1), 530 (427.8), 568 nm
(334.8 mol�1 dm3 cm�1); HRMS (EI+): m/z (%): 484.1236 (98.92) [M]+ ,
447.1572 (13.15) [M�Cl]+ , 354.2498 (100.00) [M�Cl2Ni]+ , 310.2047
(34.26) [M�C2H6NCl2Ni]+ , 283.1918 (43.40) [M�C4H9NCl2Ni]+ , 253.1573
(78.77) [M�C5H13N2Cl2Ni]+ , 210.1083 (24.37) [M�C7H18N3Cl2Ni]+ ; ele-
mental analysis calcd (%) for C20H30Cl2N6Ni (484.11): C 49.62, H 6.25, N
17.36; found: C 53.72, H 7.20, N 18.79.

Crystal data for [(btmgn)NiCl2]: C20H30Cl2N6Ni; Mr = 484.11; 0.35 � 0.30 �
0.10 mm3; monoclinic; space group P21/c ; a =11.1608(16), b=

11.3948(16), c =17.825(3) �; b=92.423(2)8 ; V =2264.9(6) �3; Z =4;
1calcd =1.420 Mg m�3 ; MoKa radiation (graphite monochromated, l=

0.71073 �); T= 200 K; qrange =1.83 to 31.008 ; reflections measured 57 358;
independent reflections 7145; Rint = 0.0308; semiempirical absorption cor-
rection; final R indices [I>2s(I)]: R1 =0.0274, wR2=0.0811.ACHTUNGTRENNUNG[(btmgn)NiBr2]: A solution of [(dme)NiBr2] (154.3 mg, 0.50 mmol) in
CH2Cl2 (5 mL) was cooled to �80 8C and added to a solution of btmgn
(177.3 mg, 0.50 mmol) in CH2Cl2 (10 mL), which was also cooled to
�80 8C. The mixture changed its color to brown. After stirring for 1 h,
the mixture was allowed to warm up to room temperature over 18 h. A
brown-grey precipitate was filtered off, and the solvent of the filtrate was
removed in vacuo to obtain a brown powder. The residue was washed 2
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times with n-hexane (5 mL). Yield: 137.3 mg (48 %). Crystals suitable for
X-ray diffraction were obtained in CH3CN at 2 8C. IR (CsI): ñ =2918 (m)
(n ACHTUNGTRENNUNG(C�H)), 2872 (m) (n ACHTUNGTRENNUNG(N�CH3)), 1616 (s) (n ACHTUNGTRENNUNG(C=N)), 1543 (s) (n ACHTUNGTRENNUNG(C=N)),
1462 (s) (dACHTUNGTRENNUNG(C=N)), 1396 (s) (d ACHTUNGTRENNUNG(C=C)), 765 cm�1 (m) (d(Cnaphthyl�H)); UV/
Vis (CH2Cl2, c=5.97 10�4 mol L�1, 20 8C): l (e)= 428 (1204.0), 533 (304.7),
577 (291.7), 630 nm (134.6 mol�1 dm3 cm�1); HRMS (EI+): m/z (%):
572.0224 (100.00) [M]+ , 493.0898 (92.42) [M�Br]+ , 411.1783 (6.75)
[M�HBr2]

+ , 354.2549 (53.76) [M�Br2Ni]+ , 310.1995 (27.85)
[M�C2H6NBr2Ni]+ , 283.1924 (20.76) [M�C4H9NCl2Ni]+ , 253.1571 (37.08)
[M�C5H13N2Cl2Ni]+; elemental analysis calcd (%) for C20H30Br2N6Ni
(573.03): C 41.92, H 5.28, N 14.67; found: C 45.03, H 6.12, N 15.67.

Crystal data for [(btmgn)NiBr2]: C20H30Br2N6Ni; Mr =573.03; 0.24 � 0.21 �
0.18 mm3; monoclinic; space group P21/c ; a =11.3063(11), b=

11.6281(12), c =18.0834(18) �; b=91.265(2)8 ; V =2376.9(4) �3; Z =4;
1calcd =1.601 Mg m�3 ; MoKa radiation (graphite monochromated, l=

0.71073 �); T =200 K; qrange = 1.80 to 31.508 ; reflections measured 58401;
independent reflections 7829; Rint = 0.0352; semiempirical absorption cor-
rection; final R indices [I>2s(I)]: R1 =0.0246, wR2=0.0665.ACHTUNGTRENNUNG[(btmgbp)NiCl2]: A solution of [(dme)NiCl2] (219.7 mg, 1.00 mmol) in
CH2Cl2 (15 mL) was cooled to �10 8C and slowly added to a solution of
btmgbp (379.3 mg, 1.00 mmol) in CH2Cl2 (40 mL; also cooled to �10 8C).
Subsequently, the reaction mixture was allowed to warm up to room tem-
perature, which resulted in a color change of the solution from yellow to
deep blue. After 18 h stirring at room temperature, the reaction mixture
was filtered with a cannula, and the solvent removed in vacuum from the
filtrate. The residue was washed 2 times with n-hexane (10 mL), thus
yielding [(btmgbp)NiCl2] (334.0 mg, 66 %) as a purple powder. Crystals
suitable for X-ray diffraction were obtained by recrystallization in
CH3CN at 4 8C. IR (CsI): ñ =3449 (br), 3047 (w), 3013 (w), 2938 (br),
2887 (br), 1618 (w), 1536 (s), 1472 (m), 1420 (s), 1394 (s), 1337 (m), 1242
(s), 1217 (br), 1157 (s), 1099 (w), 1066 (w), 1035, 937 (w), 862 (m), 817
(s), 801 (m), 760 (m), 773 (m), 737 (w), 699 (w), 638 (w), 626 (w), 580
(w), 555 (w), 528 (m), 502 (m), 463 cm�1 (w); UV/Vis (CH2Cl2, c= 3.03 �
10�3 mol L�1, 20 8C): l (e) =626 (130.9), 547 nm (200.7 mol�1 dm3 cm�1);
HRMS (EI+): m/z (%): 510.1403 (29.00) [M]+ , 472.1656 (100.00)
[M�HCl]+ , 436.1827 (14.66) [M�2 HCl]+ , 380.2667 (77.40) [btmgp]+ ; el-
emental analysis calcd (%) for C22H32Cl2N6Ni (510.15): C 51.80, H 6.32,
N 16.47; found: C 51.95, H 6.35, N 16.18.

Crystal data for [(btmgbp)NiCl2]: C22H32Cl2N6Ni;Mr = 510.15; 0.20 � 0.20 �
0.10 mm3; orthorhombic; space group Pbcn ; a =17.159(2), b=8.6647(10),
c =16.2321(19) �; V=2413.3(5) �3; Z =4; 1calcd =1.404 Mg m�3 ; MoKa ra-
diation (graphite monochromated, l =0.71073 �); T =200 K; qrange =2.37
to 27.508 ; reflections measured 58 320; independent reflections 2772;
Rint =0.1005; semiempirical absorption correction; final R indices [I>
2s(I)]: R1=0.0426, wR2 =0.1203.ACHTUNGTRENNUNG[(btmgbp)NiBr2]: A solution of [(dme)NiBr2] (84.3 mg, 0.27 mmol) in
CH2Cl2 (8 mL) was cooled to �10 8C and slowly added to a solution of
btmgbp (96.8 mg, 0.25 mmol) in CH2Cl2 (16 mL; also cooled to �10 8C).
Subsequently, the reaction mixture was allowed to warm up to room tem-
perature, thereby resulting in a color change of the solution from yellow
to light blue. After 1 h stirring at room temperature, the reaction mixture
was filtered with a cannula, and the solvent removed in vacuum from the
filtrate. The residue was washed 2 times with n-hexane (5 mL), thus
yielding [(btmgbp)NiBr2] (96.2 mg, 65%) as a purple powder. Crystals
suitable for X-ray diffraction were obtained in CH3CN at 4 8C. IR (CsI):
ñ= 3422 (br), 3043 (w), 3013 (w), 2939 (br), 2877 (br), 1532 (s), 1490 (m),
1463 (s), 1420 (s), 1394 (s), 1334 (m), 1273 (m), 1241 (m), 1204 (w), 1156
(s), 1098 (m), 1065 (m), 1034 (s), 1004 (w), 938 (w), 878 (w), 860 (s), 816
(s), 770 (m), 756 (s), 735 (m), 696 (w), 635 (w), 581 (w), 527 (m), 500 (w),
462 cm�1 (w); UV/Vis (CH2Cl2, c=2.47 � 10�3 mol L�1, 20 8C): l (e)=651
(186.5), 576 nm (259.5 mol�1 dm3 cm�1); HRMS (EI+): m/z (%): 598.0340
(9.60) [M]+ , 519.1220 (100.00) [M�HBr]+ , 437.1951 (22.98) [M+

H�2HBr]+ , 380.2702 (16.22) [btmgp]+ ; elemental analysis calcd (%) for
C22H32Br2N6Ni (599.03): C 44.11, H 5.38, N 14.03; found: C 43.48, H 5.44,
N 13.18.

Crystal data for [(btmgbp)NiBr2]: C22H32Br2N6Ni; Mr =599.03; 0.30 �
0.25 � 0.20 mm3; monoclinic; space group C2/c ; a= 18.955(4), b=8.8560,
c =16.665(3) �; V =2479.6(9) �3; Z =4, 1calcd =1.605 Mg m�3 ; MoKa radia-

tion (graphite monochromated, l=0.71073 �); T=200 K; qrange =2.42 to
27.558 ; reflections measured 22 212; independent reflections 2860; Rint =

0.0763; semiempirical absorption correction; final R indices [I>2s(I)]:
R1=0.0347, wR2 =0.0837.

X-ray crystallographic studies at 200 K : Suitable crystals were taken di-
rectly out of the mother liquor, immersed in perfluorinated polyether oil,
and fixed on top of a glass capillary. Measurements were made using a
Nonius Kappa CCD diffractometer with low-temperature unit and graph-
ite-monochromated MoKa radiation. The temperature was set to 200 K.
The data collected were processed using the standard Nonius software.[43]

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.[44, 45] Graphical han-
dling of the structural data during solution and refinement was per-
formed with XPMA.[46] Structural representations were generated using
Winray 32.[47] Atomic coordinates and anisotropic thermal parameters of
non-hydrogen atoms were refined by full-matrix least-squares calcula-
tions.

CCDC-710399 ([(btmgb)NiCl2]), -710400 ([(btmgb)NiBr2]), -710401
([(btmgn)NiCl2]), -710402 ([(btmgn)NiBr2]), -710403 ([(btmgp)NiCl2]),
-710403 ([(btmgp)NiBr2]), -711925 (free btmgbp ligand), and -733600
(charge density study of [(btmgb)NiCl2]) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

X-ray data collection and data reduction for [(btmgb)NiCl2] at 7 K : Crys-
tal data for C16H28Cl2N6Ni at T =7(1) K with graphite-monochromated
MoKa radiation (l =0.71073 �): green cuboidal crystal (0.23 � 0.30 �
0.49 mm); Mr =434.05; monoclinic; space group P21/n (no. 14); a=

14.0938(3), b=10.7922(3), c =14.3135(5) �; b=112.812(2)8 ; V=

2006.81(10) �3; Z =4; F ACHTUNGTRENNUNG(000) =912; 1calcd =1.4366(1) gcm�3 ; m=

1.245 mm�1; 92047 Bragg reflections (3.098<q<57.718) were collected
using a MAR345 IP Detector mounted on a Huber 4-circle diffractome-
ter equipped with a 4 K Displex closed-cycle helium cryostat and a rotat-
ing anode generator (Bruker FR 591). The data was corrected for beam
inhomogeneity and absorption effects using the program SORTAV
(Tmin =0.745, Tmax =0.795).[48] The internal agreement factor was Rint

(F)=0.0248 for 20276 unique reflections.

Multipolar refinement : The deformation density was described by a mul-
tipole model[49, 50] in terms of spherical harmonics multiplied by Slater-
type radial functions with energy-optimized exponents [Eq. (4)]:[51]

1atðrÞ ¼ Pc1coreðrÞþPvk
31valenceðkrÞþ

Xlmax

l¼0

k03Rlðk0rÞ
Xl

m¼0

Plm�dlm�ðq,�Þ ð4Þ

1at(r) is the atomic electron density, 1core(r) is the core density, Pc the re-
spective core shell population parameter, 1valence(kr) is the spherical va-
lence density, Pv is the valence shell population parameter, k is the radial
screening parameter for the spherical valence density, k’ are the expan-
sion-contraction parameters of the deformation functions, Rl ACHTUNGTRENNUNG(k’r) are nor-
malized and nodeless radial density functions, Plm are the population pa-
rameters of the respective multipoles and dlm ACHTUNGTRENNUNG(q, f) are density-normal-
ized real spherical harmonics. In the refinement of our best model, the
multipole expansion was truncated at the hexadecapole level (lmax =4) for
all non-hydrogen atoms. A bond-directed dipole (lmax =1) was introduced
for the hydrogen atoms. The atomic coordinates and displacement pa-
rameters were optimized along with all multipolar parameters using all
data with sin q/l<1.00 ��1. During multipolar refinements, the hydrogen
positions were fixed with restrained C�H bond lengths (r ACHTUNGTRENNUNG(Csp2�H)=

1.07 �, r ACHTUNGTRENNUNG(Csp3�H)=1.09 �) and their isotropic thermal parameters were
fixed at the values obtained by the preceding independent atom-model
(IAM) refinement. The final agreement factors were R1 =0.0271, wR=

0.0302, and GOF=2.3449 for 13201 observed reflections (Fo>3s(Fo),
sin qmax/l<1.00 ��1) and 501 parameters (Nref/Nvar =26.4), and a feature-
less residual 1(r) with maximum and minimum values of 0.404 and
�0.357 e ��3 (sin q/l<0.8 ��1), respectively. Hirshfeld�s rigid bond[52] test
was applied to the atomic displacement parameters obtained from the re-
finements. The differences of mean-squares displacement amplitudes
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(DMSDA) are smaller then 0.001 �2 for all bonds (excluding bonds to
hydrogen atoms), apart from a Ni�Cl and an Ni�N bond, which slightly
exceed this value. All refinements were carried out with the full-matrix
least-square program XDLSM of the XD2006 suite of programs.[53] For
detailed information on data collection, data reduction, and the multipo-
lar refinement, see sections S5–S10 of the Supporting Information.

Computational methods : The molecular geometry of the d8

[(btmgb)NiCl2] complex was optimized using the PBEPBE functional of
Perdew–Burke–Ernzerhof[54] in combination with either the 6-311+G-ACHTUNGTRENNUNG(d,p) or the TZ2P basis set as implemented in Gaussian 03[55] and ADF[56]

program packages, respectively. For Cartesian coordinates of the opti-
mized geometries, see section S14 of the Supporting Information. In the
case of ADF, scalar relativistic effects were taken into account by apply-
ing the ZORA formalism.[57] If not specified otherwise, the PBEPBE/6-
311+G ACHTUNGTRENNUNG(d,p) level of approximation will be our default method for the
theoretical data specified in the text. A net charge of zero and a multi-
plicity of three was assumed; however, symmetry restraints were not im-
posed. As shown in Table 6 and section S11 of the Supporting Informa-
tion, we could not identify any significant differences in the topological
and geometrical parameters between the results of both computational
approaches.

In the case of the ADF calculations, numerical analyses of density grid
files were performed employing the INTEGRITY program by P. Rabilli-
er et al.[58] and the program DGrid by M. Kohout[59] to analyze the topol-
ogy of the electron distribution. In the case of the Gaussian 03 calcula-
tions, a local version of the AIMPAC software package[60] for the analyti-
cal evaluation of topological properties from Gaussian wavefunction files
was used for this purpose. A modified version of the PROAIMV,[61]

coded by C. Gatti,[62] has been used to evaluate the source function SF-ACHTUNGTRENNUNG(r,W)[40] at the given reference points. In the case of the complementing
experimental charge-density distributions, we employed the XD2006[53]

package for the topological analyses. Properties of 1(r) and 521(r) were
calculated after transformation of the local axis system into a global
system.

Further quantum chemical calculations were carried out to obtain a theo-
retical estimate of the magnitude of the singlet–triplet energy gap
(DETS). Here, the B3LYP[63] functional was used with a combination of
two different basis sets. For the nickel atom, a Karlsruhe triple-x quality
basis set of the second generation with a larger set of polarization func-
tions was used (Def2-TZVPP).[64] The carbon, nitrogen, halide, and hy-
drogen atoms were described by a 6-311G ACHTUNGTRENNUNG(d,p) Pople basis set.[65] Ac-
cording to these hybrid DFT calculations, all complexes exhibit a triplet
electronic ground state, which is in line with the experimental results.
However, the choice of the bisguanidine ligand bears a strong effect on
the energy difference to the first excited singlet states, DETS (see
Table 4). Hence DETS is 43.3 kJ mol�1 for [(btmgb)NiCl2] and rises to
133.1 kJ mol�1 for [(btmgn)NiCl2. On the other hand, the influence of the
halide (Cl or Br) on DETS is quite small except for [(btmgb)NiX2]. Select-
ed calculated structural parameters are contained in Table S4 of the Sup-
porting Information.
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