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Nickel(II) bis(Schiff base) complexes, NiL2 (1a–1f) and NiL0
2 (2a–2e) (where L = 4-(arylimino)pentan-2-onate

and L0 = 1-aryl-3-(phenylimino)butan-1-onate), exist in an equilibrium of square-planar (Sp) and tetrahedral (Td) forms
in non-coordinating solvents. The Td form is more stabilized in polar solvents such as CH2Cl2 than in non-polar solvents
such as toluene. Thermodynamic data were determined from temperature-dependent 1HNMR contact shift. It is suggest-
ed for 1a–1f that the oxygen atoms in Td form interact with solvent such as chloroform via hydrogen bonding. With
increase in electron-donating ability of the substituents on aryl groups, the Td form becomes more favored. The free
energy change roughly correlates with Hammet’s �p value. The UV–vis–NIR spectra indicated that the ligand field
strength increases with the electron-donating ability of the substituents in both the Sp and Td forms. Results of DFT
calculation suggest that the observed substituent effect may result from small perturbation of the metal–ligand bonding
character.

Some four-coordinated nickel(II) complexes exist in an
equilibrium of diamagnetic (S ¼ 0) square-planar (Sp) and
paramagnetic (S ¼ 1) tetrahedral (Td) forms in non-coordinat-
ing solvents. The configurational isomerization causes changes
in color due to difference in the d–d transition energy. Revers-
ible color change based on the equilibrium shift is one typical
example of thermochromism involving inorganic compounds.1

The Sp–Td conversion is a fast unimolecular process and alters
not only color but also magnetic susceptibility and dipole
moment of the complex. Such systems may potentially be uti-
lized as temperature sensors or temperature-driven molecular
switches. The equilibria of configurational isomers also affect
reaction rates of ligand substitution, which may provide fruit-
ful information on reaction mechanisms.2

Thermodynamic properties of the Sp–Td equilibria depend
on substituents in ligands. For bis(�-ketoimine) complexes 1,
23 (Chart 1), and bis[(N-salicylidene)alkylamine] complexes

3,2,4 the position of equilibrium largely depends on steric re-
pulsion between the ligands. Complexes with bulkier ligands
favor Td form, since the interligand separation is larger in
Td form than in Sp form. On the other hand, only a few studies
have been reported for electronic effects of substituents
on the equilibrium: Eaton et al. reported correlation of free
energy changes (�G) with Taft’s �I values for nickel N,N0-
bis(p-substituted phenyl)aminotroponeiminates 4 (aminotro-
poneimine = 1-amino-7-imino-1,3,5-cycloheptatriene),5 while
Pignolet et al. reported a linear relationship between �G and
Hammett’s �p for bis(p,p0-substituted diphenylmethylphos-
phine)nickel dihalides 5.6

In the present study, the effects of electronic properties of
substituents on the Sp–Td equilibria have been investigated
for bis[4-(arylimino)pentan-2-onato]nickel 1a–1f and bis[1-
aryl-3-(phenylimino)butan-1-onato]nickel 2a–2e (Chart 2). In-
terpretation of the observed tendency is discussed with the
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help of MO calculations. Solvent effects on the enthalpy
changes (�H) and entropy changes (�S) have also been inves-
tigated, which provides information on specific solvation for
each form.

Experimental

Materials. All the solvents used for measurements were dried
over Molecular Sieves 4A. Pyridine was dried over KOH pellets.
Schiff base ligands were synthesized from acetylacetone or (p-
substituted) benzoylacetone and (p-substituted) aniline in the pres-
ence of montmollironite K-10 (Aldrich) under ultrasound irradia-
tion.7 The nickel complexes were prepared according to the liter-
ature8 from the ligand and (Et4N)2[NiBr4]

9 in tert-butyl alcohol
distilled from CaH2. Crude products were recrystallized from ben-
zene–hexane. Complexes 1b–1f and 2c and 2d are known com-
pounds.10 The purity of the complexes was checked with 1HNMR
spectroscopy (See Supporting Information).

Bis[4-(4-trifluoromethylphenylimino)pentan-2-onato]nickel
(1a). 1HNMR (toluene-d8, 293K): � 7.32 (4H, d, J ¼ 8Hz), 6.67
(4H, d, J ¼ 8Hz), 4.12 (2H, s), 0.95 (6H, s), 0.81 (6H, s). FAB-
MS m=z 542 (Mþ).

Bis[3-(phenylimino)-1-(4-trifluoromethylphenyl)butan-1-
onato]nickel (2a). 1HNMR (toluene-d8, 323K): � 7.83 (4H, br
s), 7.28 (4H, d, J ¼ 8Hz), 6.85 (4H, d, J ¼ 8Hz), 6.33 (4H, br
d), 5.76 (2H, br t), 0.67 (2H, br s), �0:50 (6H, s). FAB-MS m=z
666 (Mþ).

Bis[3-(phenylimino)-1-(4-methoxyphenyl)butan-1-onato]-
nickel (2e). 1HNMR (toluene-d8, 323K): � 8.95 (4H, br), 8.04
(4H, d, J ¼ 8Hz), 7.28 (4H, br d), 6.68 (4H, br d), 4.62 (2H,
br), 3.33 (6H, s), �2:41 (6H, s), �4:38 (2H, s). FAB-MS m=z
590 (Mþ).

Physical Measurements. Mass spectra were obtained on a
JEOL JMS-700 Mstation in the fast atom bombardment (FAB)
mode using 3-nitrobenzyl alcohol as a matrix. 1HNMR
(400MHz) spectra were recorded on a JEOL JNM-AL400 spec-
trometer. UV–vis–NIR spectra were obtained on a Shimadzu
UV-3600 spectrophotometer.

Formation Constants of Pyridine Bis-Adducts. Formation
of bis-pyridine adducts is represented by eq 1.

[NiL2] (Td)�
K
[NiL2] (Sp)�

Kpy

2py
[NiL2(py)2] ð1Þ

Spectrophotometric titration was performed at 300K. A small ali-
quot of a toluene solution of pyridine was successively added to a
toluene solution (3mM) of the complex and the UV–vis–NIR
spectra were recorded. No intermediate mono-adduct was distin-
guishably observed in the course of titration. According to Knoch

et al.,4c interconversion of Sp and Td forms is rapid and the for-
mation constant Kpy is represented by

Kpy ¼ C[NiL2py2]=ðC[NiL2]Cpy
2Þ ð2Þ

where C[NiL2] is the concentration of four-coordinated complex as
a total of Sp and Td forms. The Kpy value was estimated from the
absorbance changes at the characteristic absorption bands of the
initial four-coordinated and the final six-coordinated species by
the methods in literature.2

Equilibrium Constants of Sp–Td Isomerization. Each sam-
ple solution (0.4 cm3) containing 5–10mM of the complex was
placed in a thick-walled NMR tube with a gas-tight Teflon valve.
1HNMR spectra were recorded at various temperatures. Although
the complex was gradually hydrolyzed by residual water, the de-
composition percentage was less than 5% after the measurements
and the chemical shift of each signal was unaffected by the free
ligand liberated by hydrolysis. The sample temperature was cali-
brated using methanol and ethylene glycol.11 The mole fraction
of Td form, xTd, was determined from the chemical shift of �-pro-
tons at each temperature. In this type of tetrahedral nickel com-
plexes, pseudo-contact shift was negligibly small compared with
the contact shift,3a and hence the observed chemical shift can be
given by �obs ¼ ��con þ �dia. The contact shift, ��con, is given
by eq 3:3,12

��con ¼ �xTdað�e=�HÞg�SðSþ 1Þ=ð6SkTÞ ð3Þ

where a is the electron–nuclear hyperfine coupling constant, and
the other symbols have their usual meanings. �dia is the chemical
shift of a pure diamagnetic complex. Here, it was assumed that
�dia ¼ �ligand � 0:2, where �ligand is the chemical shift of the free
ligand, because it was reported for similar systems that the chemi-
cal shifts of the �-protons in ZnII complex shift to higher field by
0.1–0.2 ppm than those in the free ligand.13 The other parameters
used were: g ¼ 2:3, a ¼ 0:825G for 1a–1f or 0.855G for 2a–2e,
which were average values reported for closely similar com-
plexes.3,13 Thus, the equilibrium constant K [¼xTd=ð1� xTdÞ]
was determined from the xTd value and �G (¼ �RT lnK) was
calculated at each temperature.

X-ray Crystallography of 1e. Intensity data were collected
on a Mac Science M03XHF four-circle diffractometer with graph-
ite-monochromatized Mo K� radiation (� ¼ 0:71073 Å) by !–2�
scan technique up to 2� ¼ 55:0� at 298K. The intensities were
corrected for Lorenz and polarization, and absorption correction
was made using  -scan. 2826 reflections were measured, of
which 2631 reflectiones were unique and used for structure
determination. The crystal data were: C24H28N2NiO4, triclinic,
P�11, a ¼ 6:4868ð14Þ Å, b ¼ 8:338ð2Þ Å, c ¼ 11:169ð2Þ Å, � ¼
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94:32ð2Þ�, � ¼ 104:81ð2Þ�, � ¼ 98:56ð2Þ�, V ¼ 573:4ð2Þ Å3, Z ¼
1, Dx ¼ 1:353Mgm�3, � ¼ 0:878mm�1. The structure was
solved by direct method with SIR9214 and refined by full-matrix
least-squares techniques with anisotropic thermal parameters for
non-H atoms using SHELXL97.15 The hydrogen atoms were iso-
tropically refined. The final R and Rw values were 0.034 and
0.095, respectively, and S value was 1.084 using a weighting
scheme of w ¼ 1=½�2ðFo

2Þ þ ð0:0663PÞ2 þ 0:1062P� where P ¼
ðFo

2 þ 2Fc
2Þ=3.

Crystallographic data have been deposited with Cambridge
Crystallographic Data Centre: Deposition number CCDC-
687742. Copies of the data can be obtained free of charge via
http://www.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge,
CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.
cam.ac.uk).

DFT Calculations. Structures of Sp and Td forms were opti-
mized with B3LYP/6-31G� level using the Gaussian 03 program
package.16 Complex 1c (X ¼ H), model A (X ¼ F) having elec-
tron-withdrawing substituents, and model B (X ¼ NH2) having
electron-donating substituents were examined. The initial struc-
ture for Sp form was taken from the structure of 1e determined
by X-ray crystallography. Sp form was assumed to be Ci symme-
try, while Td form C2 symmetry. Then, single-point energy calcu-
lations were done with slightly different basis sets: 6-31G� for C
and H atoms; 6-311+G� for Ni, N, and O atoms; and 6-31G(d0,p0)
for F atoms. The computations were performed at the Research
Center for Computational Science, Okazaki, Japan.

Results and Discussion

UV–Vis–NIR Spectra. Toluene solutions of 1a–1f exhib-
ited two absorption bands around 16400 and 20500 cm�1 due
to d–d transitions of the Sp form. The absorption maxima shift-
ed to higher energy with increase in electron-donating ability
of the substituents, indicating that the ligand field is strength-
ened, as shown in Table 1. Complexes 2a–2e showed an ab-
sorption band around 16000 cm�1, and the band position did
not vary with the substituent.

In halogenated hydrocarbon solvents such as CHCl3 and
CHCl2CHCl2, particularly at high temperatures, a weak ab-
sorption band was observed in the NIR region. This absorption

is assigned to the lowest d–d transition of the Td form.3 This
band also tends to shift to higher energy with increasing elec-
tron-donating ability of the substituents.

Difference in the ligand field strength was reflected in the
formation constant of pyridine adduct. On addition of excess
pyridine to a toluene solution of 1, formation of an octahedral
bis-adduct was evidenced by the appearance of an absorption
band around 10000 cm�1 accompanied by disappearance of
the absorption bands characteristic of the Sp form. The overall
formation constants of pyridine bis-adducts, Kpy (eq 2), were
(449� 8) and (8:0� 1:0) M�2 for 1a and 1f, respectively, in
toluene at 300K. It has been reported for salicylaldimine
(=salicylideneamine) complexes that the tetrahedrally coordi-
nated complexes form pyridine much less adduct.4 In the pres-
ent case, the fraction of Td form is 0.006 for 1a or 0.057 for 1f
in toluene at 300K, indicating that the four-coordinate com-
plex exists substantially in Sp form in either case. These re-
sults indicate that 1a with the weaker ligand field accepts
two pyridine molecules more readily than 1f.

Solution Equilibria between Sp and Td Forms. The Sp–
Td equilibrium constants were determined from the contact
shift of �-protons. Figure 1 shows the temperature dependence
of the free energy change for 1a–1f in toluene-d8. A linear re-
lationship was observed in the �G vs. T plot over a relatively
wide range of temperature. Linear temperature dependence
was also observed in other non-coordinating solvents such as
CDCl3.

The enthalpy and entropy changes are listed in Table 2. The
�H and �S values for 1c and 1d in CDCl3 showed relatively
good agreement with the corresponding values reported by
Everett and Holm,3a although they were determined from the
contact shift of �-Me protons using an equation slightly differ-
ent from eq 2. Clear substituent effects can be seen particularly
for 1a–1f: with increase in electron-donating ability of X, �H

decreases, that is, the Td form becomes more favorable. A sim-
ilar trend was observed in 2a–2e, although the effect was
smaller. The free energy changes at 298K, �G298, correlate
with the Hammett’s �p value as shown in Figure 2. The
entropy change �S varies not so much with the substituent
for either 1 or 2. Among bis-chelate NiII complexes 1–4, the
order of �S value in CDCl3 is bis(N-alkylsalicylaldimine)
complexes 3 (0.5–2.0 cal K�1 mol�1 (1 cal K�1 mol�1 =Table 1. Absorption Maxima of Complexes 1 and 2 in

Toluene at Room Temperature

Complex X or Y 	max/cm
�1 ("/cm�1 mol�1 dm3)

	1 (Sp) 	2 (Sp)a) 	1 (Td)a),b)

1a CF3 16100 (47) 20300 (82)
1b Cl 16300 (51) 20400 (90) 6400
1c H 16350 (49) 20500 (88)
1d CH3 16400 (52) 20550 (94)
1e OCH3 16500 (57) 20600 (106) 6450
1f NMe2 16600 (83) 20700 sh 6480
2a CF3 16000 (59)
2c H 16000 (62)
2d CH3 16000 (43)
2e OCH3 15900 (59)

a) Partially overlapped with tail of another absorption band at
a higher wavenumber. b) In CHCl3 at 320K. Very weak ab-
sorption band due to a low fraction of Td form in an equilib-
rium mixture. Figure 1. �G vs. T plots for 1a–1f in toluene-d8.
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4.184 JK�1 mol�1))4 < 1a–1f < 2a–2e � nickel N,N0-diaryl-
aminotroponeiminates 4 (9–13 cal K�1 mol�1).5 The entropy
change is likely dependent on the molecular shape and number
of aromatic rings: For complexes with more aromatic rings
such as 2a–2e and 4, the �S values tend to increase.

For complexes 1a–1f, the �H and �S values are smaller in
CDCl3 than in toluene-d8. In order to investigate solvent
effects on Sp–Td equilibria, we determined �H and �S for
1e and 2c in various non-coordinating solvents. As is seen in

Table 3, �H tends to decrease in more polar solvents such
as CD2Cl2 and 1,1,2,2-tetrachloroethane-d2. Centrosymmetric
Sp form has no net dipole moment, whereas the Td form has
non-zero dipole moment (2.2 D estimated by DFT calculation)
and hence is more stabilized in polar media. The �S values of
1e are larger in aromatic solvents than in chlorohydrocarbon
solvents. Since �S includes differences in spin multiplicity
amounting to R ln 3 (¼2:18 cal K�1 mol�1), other factors con-
tribute only 2–3 cal K�1 mol�1 in the latter solvents. Similar
solvent dependence was also observed for 3.4d Because of
the planar bis-chelate moiety, the Sp form is better solvated
than the Td form especially in aromatic solvents. On the other
hand, the Td form more effectively interacts with chlorohydro-
carbon solvents through formation of C–H���O hydrogen bonds,
since the oxygen atoms have more negative charge and are
more exposed (vide infra, Figure 3 and Table 4). The �H

and �S values for 2c showed little solvent dependence. The
oxygen atoms in the Td form of 2c may be shielded from sol-
vent molecules by the phenyl groups and/or the negative
charge may be delocalized over the conjugated phenyl groups.

Interconversion Rates of Sp and Td Forms. For bis-
(phosphine)nickel dihalides, the interconversion rates between
Sp and Td forms are 105 to 106 s�1 at 298K. The 1HNMR sig-
nals of Sp and Td forms are separately observed at low temper-
atures.17 As an attempt to determine the conversion rates of the
present complexes, the 1HNMR spectrum of 1f was recorded
in CD2Cl2 at 196K. The signal of �-protons was broadened
but still coalesced, indicating that the interconversion process
falls in a fast-exchange regime. At this temperature, the chem-
ical shift difference will be 63400Hz in a 400-MHz NMR

Table 2. Thermodynamic Data of Sp–Td Equilibria of 1a–1f and 2a–2e in Toluene-d8 and CDCl3

Complex X or Y Toluene-d8 CDCl3

�H/kcalmol�1 a) �S/cal K�1 mol�1 a) �H/kcalmol�1 a) �S/cal K�1 mol�1 aÞ

1a CF3 5.44 8.1 3.72 5.0
1b Cl 5.26 8.8 3.44 5.2
1c H 4.87 8.7 3.16 (3.5)bÞ 5.2 (4.8)bÞ

1d Me 4.19 7.5 2.72 (3.3)bÞ 4.6 (4.7)bÞ

1e OMe 4.17 7.1 2.74 4.2
1f NMe2 3.52 6.2 2.37 4.1
2a CF3 5.61 11.4 5.07 10.4
2c H 5.05 10.8 4.68 10.2
2d Me 5.01 11.1 4.86 10.8
2e OMe 4.84 10.6 4.97 11.0

a) 1 kcalmol�1 = 4.184 kJmol�1; 1 cal K�1 mol�1 = 4.184 JK�1 mol�1. b) Ref. 3a.

Figure 2. Plot of free energy change at 298K vs.
Hammett’s �p value. Circle: 1a–1f in toluene-d8; square:
1a–1f in CDCl3; diamond: 2a–2e in toluene-d8.

Table 3. Thermodynamic Data of Sp–Td Equilibria of 1e and 2c in Various Solvents

Solvent 1e 2c

�H/kcalmol�1 a) �S/cal K�1 mol�1 a) �H/kcalmol�1 a) �S/cal K�1 mol�1 a)

Toluene-d8 4.17 7.1 5.05 10.8
C6D6 4.01 7.0 N.D.b) N.D.b)

C6D5Cl 3.73 6.4 4.82 10.6
CDCl3 2.74 4.2 4.68 10.2
C2D2Cl4 2.22 3.3 4.27 9.1
CD2Cl2 2.41 3.7 4.11 9.3

a) 1 kcalmol�1 = 4.184 kJmol�1; 1 cal K�1 mol�1 = 4.184 JK�1 mol�1. b) Not determined because of low
solubility.
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spectrometer, assuming that Curie’s law is obeyed. Qualita-
tively, the Sp–Td interconversion rate is much larger than
106 Hz even at 196K. For bis(salicylaldimine) nickel com-
plexes and nickel aminotroponeiminates, which were investi-
gated by NMR at lower frequency (60–100MHz), the inter-
conversion processes were also fast in NMR timescale.4,5

Thus, the Sp–Td conversions of bis-chelate complexes were
faster than those of complexes with four unidentate ligands.

Origin of Substituent Effects on Sp–Td Equilibria.
Eaton et al. reported for a series of nickel N,N0-bis(p-substitut-
ed phenylamino)troponeiminates 4 that the energy difference
between Sp and Td forms is positively correlated with Taft’s
inductive substituent parameter, �I.

5 In the series of 1a–1f,
�G298 correlates with Hammett’s substituent parameter, �p,
rather than �I (Figure 2). This substituent effect is quite sim-
ilar to that reported for bis(diarylmethylphosphine)nickel diha-
lides 5.6 In the phosphine complexes, the electronic effect was
ascribed to the relative stabilization of the Sp form by electron-
withdrawing substituents. According to the authors’ interpreta-
tion, the energy level of 3p orbitals having 
-character on the
P atom is lowered with an increase in electron-withdrawing
ability of the phosphine substituents and more strongly inter-
acts with the Ni dxy orbital. Such interaction stabilizes the oc-
cupied dxy orbital and destabilizes the unoccupied dx2�y2 orbi-
tal. This substituent effect on the ligand field strength is oppo-
site to that observed for 1a–1f (Table 1).

The electronic substituent effect on the relative stability of
Sp and Td forms might be accounted for in terms of the energy
level of MOs and/or charge or spin delocalization into the li-

gands. We carried out structure optimization and population
analyses for unsubstituted complex 1c (X ¼ H), model A
(X ¼ F) having electron-withdrawing substituents, and model
B (X ¼ NH2) having electron-releasing substituents by DFT
calculation at B3LYP/6-31G� level to compare the electronic
properties among the three. The molecular geometry of the Sp
form can be obtained from the X-ray structure analysis of 1e
(Figure 3a), which was used as the initial structure for optimi-
zation of the Sp form of 1c. As is seen in Table 5, the calcu-
lated bond distances and angles fairly well reproduce the ob-
served values. The chelate ring is essentially planar, and the
phenyl groups are almost perpendicular to the chelate plane.
The structure is quite similar to that reported for the same
type of nickel complex with different N-aryl groups.18 The
optimized structure in Td form of 1c (X ¼ H) is shown in
Figure 3b. The phenyl groups are also largely twisted from
the chelate plane. The bite angle (94.7�) of O–Ni–N is smaller
than N–Ni–N and O–Ni–O angles, indicating flattering distor-
tion from regular tetrahedral coordination. Similar distorted
tetrahedral coordination is reported for a bis(salicylaldimine)-
nickel complex with bulky substituents on the N atoms.19 The
Ni–N and Ni–O distances in Td form are longer than the cor-
responding distances in Sp form, suggesting that coordination
bonding is weaker in Td form than in Sp form. Structures of Sp

(a) (b) 

Figure 3. (a) ORTEP diagram of 1e with thermal ellipsoids of 50% probability. (b) Molecular structure of Td form of 1c optimized
at UB3LYP/6-31G� level.

Table 5. Selected Geometrical Parameters Observed for 1e
and Calculated for 1ca)

Sp obsd (1e) Sp calcd (1c) Td calcd (1c)

Ni1–N3/Å 1.921(1) 1.925 1.955
Ni1–O2/Å 1.820(1) 1.818 1.911
C5–O2/Å 1.282(2) 1.284 1.283
C10–N3/Å 1.317(3) 1.332 1.331
C11–C5/Å 1.359(3) 1.385 1.397
C11–C10/Å 1.409(3) 1.412 1.415
O2–Ni1–N3/� 92.83(6) 92.9 94.7
N3–Ni–N30/� 180 180 121.2
O2–Ni–O20/� 180 180 134.4
C10–N3–C6–C7/� 82.4 89.7 69.3

a) The numbering scheme is shown in Figure 3a.

Table 4. NPA Atomic Charges and Spin Density

Model A
(X ¼ F)

1c
(X ¼ H)

Model B
(X ¼ NH2)

Sp Td Sp Td Sp Td

Ni 1.034 1.370 1.038 1.372 1.033 1.368
N �0:598 �0:680 �0:598 �0:676 �0:595 �0:673
O �0:721 �0:782 �0:722 �0:783 �0:722 �0:784
Spin on Ni 1.602 1.603 1.601
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and Td forms of either model are closely similar to those of 1c.
The energy differences of Td form versus Sp form, �E,

were obtained by single-point calculation with slightly larger
basis sets (see Experimental). The �E values (difference in
zero-point energy is not included) are �0:75, �1:13, and
�1:44 kcalmol�1 (1 kcalmol�1 = 4.184 kJmol�1) for model
A, 1c, and model B, respectively. Spin-restricted SCF calcula-
tions of Td form were also performed for ‘‘fair’’ comparison of
the energy with closed shell Sp form. In this case, the �E val-
ues are +0.69, +0.31, and 0.00 kcalmol�1. Thus, Sp and Td
forms are substantially the same in thermodynamic stability.
Electron-donating groups somewhat stabilize the Td form rel-
ative to Sp form. These features, at least qualitatively, agree
with the experimental results.

The character of several MOs will be discussed. In the Sp
form of 1c, the HOMO consists of the �-ketoiminate O–C–
C–C–N 
-system (70%) and Ni d orbitals (22%). The energy
of the HOMO in model A decreases by 0.16 eV while that in
model B increases by 0.18 eV as compared with that in 1c.
The character of the HOMO is, however, essentially unaffect-
ed by the substituents. In model B, HOMO�1 and HOMO�2

are localized on the –C6H4NH2 groups, HOMO�3 is on the
�-ketoiminate, and HOMO�4 is essentially the Ni dz2 orbital.
In 1c and model A, HOMO�1 is localized on the �-keto-
iminate 
-system and HOMO�2 is essentially the Ni dz2
orbital. In any case, the LUMO has a significant coefficient
of Ni dx2�y2 orbital. Although the electron-rich aryl groups
somewhat affect the frontier orbitals, the substituent effect
on the electronic structure is small. In Td form, the molecule
has two SOMOs (115th and 116th MOs for models A and B;
107th and 108th MOs for 1c). In model A (Figure 4a) and
1c, electron density is mainly over the �-ketoiminate moieties
and some on Ni. On the other hand, the corresponding MOs in
model B have large contribution from the C6H4NH2 groups
(Figure 4b). The phenyl 
-orbitals in model B have increased
energy due to the electron-donating NH2 groups and interact
with the �-ketoiminate 
-orbitals more strongly than in the
cases of 1c and model A. Such interaction, however, rises in
energy these occupied orbitals and hence cannot account for
the relative stabilization of the Td form by electron-donating
substituents. The corresponding unoccupied � orbitals mainly
consist of the Ni d orbitals and the �-ketoiminate 
-orbitals in

(a) α115 (b) α115

α116 α116

Figure 4. Visualized SOMOs for (a) model A (X ¼ F) and model B (X ¼ NH2).
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model A, 1c, and model B, and no significant difference is
observed among the three.

Holm et al. studied spin delocalization onto the ligands from
the observed 1H hyperfine coupling constants and the spin den-
sities calculated for the O=C–C=C–N� 
-radical by Hückel
MO methods.3,4 They estimated that the fractional spin delo-
calization was ca. 1/20 for each ligand and proposed that such
spin transfer should be induced through d
–p
 orbital interac-
tion.3a The spin densities in the Td form of 1c obtained by DFT
calculation are illustrated in Figure 5. The nickel atom bears
1.6 �-spins and the remaining part is distributed over the li-
gands. Among the C atoms, the �-carbon has the largest spin
polarization, which is consistent with the fact that the �-proton
shows the largest hyperfine interaction. A number of MOs (for
example, �115 orbital in Figure 4a) are composed of both the
�-ketoiminate p
 orbitals and Ni d
 orbitals. These features
indicate that d
–p
 bonding interaction has some contribution
to the metal–ligand bonding. Significant spin polarization is
also induced in the phenyl groups, especially at o- and p-posi-
tions. This trend is consistent with the observation that the
phenyl protons exhibited relatively large contact shifts (not
shown). The spin distribution is almost the same in models
A and B, indicating that the substituent effect on the spin
delocalization is negligibly small.

Although atomic charges cannot unequivocally be deter-
mined from ab initio or DFT calculations, NPA (natural pop-
ulation analysis20) atomic charges may provide some informa-
tion on metal–ligand bonding. As is seen in Table 4, more
electrons are transferred to the metal from the ligand in Sp
form than in Td form. The oxygen atoms have more negative
charge in Td form than in Sp form. The more negative charge
is more favorable to form a hydrogen bond with solvent such
as chloroform. As for the substituent effect on the atomic
charges, the N atoms in model B bear less negative charge that
those in 1c or model A while the Ni atom in model B is less
positive than that in the latter. The electron-donating substitu-
ent may help the N atoms donate more electrons to the Ni
atom. The effect is; however, small and such tendency is also
seen in Sp form.

In conclusion, the energy differences between Sp and Td
forms of 1a–1f and 2a–2e are small, and equilibria are rapidly
established in solution. The equilibrium constants vary with
the electronic nature of substituents, but the origin of the effect
seems to be a quite subtle balance among several factors that
can influence the electronic structure. In 1a–1f, the enthalpy

and entropy changes depend on the properties of solvent. This
observation can be explained in terms of dipole–dipole and hy-
drogen-bonding interaction with the solvent molecules.
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Supporting Information

1HNMR (400MHz) spectra at ambient temperature of 1b–1f,
2c, and 2d and the temperature dependence of chemical shift of
�-protons of 1a–1f in CDCl3. This material is available free of
charge of the Web at: http://www.csj.jp/journals/bcsj/.
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