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The compound [Ni(PPh3)3][BF4] ·BF3 ·OEt2 was isolated in crystalline form from the olefin oligomerization
catalyst system Ni(PPh3)4/BF3 ·OEt2 and structurally characterized by X-ray diffraction. The influence of
vibronic coupling on the EPR parameters of three-coordinate metal complexes with a 3d9 electronic
configuration was investigated within the framework of ligand field theory. Analytical expressions for g-tensor
components and isotropic hyperfine coupling constants with ligand nuclei were obtained using first-order
perturbation theory. It has been shown that the account of the vibronic interaction in the excited state predicts
the existence of three-axial anisotropy of the g-tensor even at the level of first-order perturbation theory; two
axes of the g-tensor located in a plane of three-coordinate structure can rotate about the main z axis when a
compound is distorted by motion of ligands. It has been shown that in three points of the potential energy
surface minimum, for which linear and quadric constants of the vibronic interactions have an identical signs,
the HFS isotropic constant from one ligand is larger than HFS constants from the other two; for different
vibronic constant signs the ratio between HFS constants varies on opposite. This theoretical researches are in
the quality consent with experimental data for a three-coordinate Ni(I) and Cu(II) flat complexes.

1. Introduction

The monovalent oxidation state of nickel has received
increasing attention in recent years, in part due to its active role
in a number of catalytic processes including biochemical
reactions,1 nickel-mediated cross-coupling reactions to make
new C-C bonds,2 alkene oligomerization by heterogeneous3

and homogeneous nickel catalysts,4 and other processes.5 Ni(I)
complexes with phosphine ligands are thermally stable and can
display high activity in the oligomerization of unsaturated
hydrocarbons. For example, in the Ni(PPh3)4/BF3 ·OEt2 catalyst
system, prepared by mixture of the two components in toluene
solution, quantitative oxidation of Ni(0) to Ni(I) with formation
of cationic Ni(I) phosphine complexes was observed.4b–d At a
molar ratio of B/Ni ) 4/1, the major species formed in this
system is the 15-electron, 3-coordinate Ni(I) complex [Ni-
(PPh3)3][BF4], which displays high activity in styrene olig-
omerization.4c

The characterization of Ni(I) species by EPR is hindered by
the lack of a strict theoretical description of EPR spectra for
3-coordinate, homoleptic d9 species. The EPR theory which is
advanced well for cubic structures6 and their derivatives7 cannot
be applied for three-coordinate compounds without corrections
as wave functions of a doubly degenerate state in three-co-
ordinate structures are bound by a spin-orbit interaction among
themselves.8

The influence of covalence on the g-tensor and hyperfine
interaction with ligands in heteroleptic three-coordinate Cu(II)
complexes has been studied in detail,9 but vibronic interactions
were not taken into account. On the other hand, the importance

of Jahn-Teller distortions for three-coordinate structures with
doubly degenerate electronic states is well appreciated.10–12

The trigonal planar three-coordinate complex [Ni(PPh3)3]+

has a doubly degenerate ground state, resulting in a Jahn-Teller
distortion that reveals itself by three-axial anisotropy of the
g-tensor (gX ) 2.07; gY ) 2.12; gZ ) 2.38) and magnetic
nonequivalence of the phosphine ligands (A(1P)X ) 8.1; A(1P)Y

) 6.4; A(1P)Z ) 6.1; A(2P)X,Y,Z < 3 mT).13,14 In our previous
work,13 the influence of ground-state vibronic interactions on
EPR parameters of three-coordinate 3d9-complexes was inves-
tigated to aid in interpreting the EPR spectra of [Ni(PPh3)3][BF4]
and related complexes. Assuming that the spin-orbital interac-
tion is smaller than the vibronic interaction, analytical expres-
sions that describe the relation between g-tensor components
(g⊥ < g|) were developed using first-order perturbation theory.
However, these expressions do not explain existence of three-
axial anisotropy of EPR parameters.

In the present work, the complex [Ni(PPh3)3][BF4] ·BF3 ·OEt2
was obtained in crystalline form from the Ni(PPh3)4/BF3 ·OEt2

catalyst system and characterized by X-ray diffraction. Ad-
ditionally, the influence of vibronic interactions on the EPR
parameters for three-coordinate 3d9 complexes has been inves-
tigated in more detail within the framework of the ligand field
theory and considering the electron-oscillator interactions both
in ground and in excited states. Analytical expressions for
g-tensor components and isotropic hyperfine coupling constants
with ligand nuclei were obtained using first-order perturbation
theory. These expressions were used to interpret the EPR spectra
of the [Ni(PPh3)3][BF4] and related species.

2. Experimental Section

All operations were carried out under argon using Schlenk
techniques. Toluene and benzene (Merck) were distilled from
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sodium/benzophenone prior to use. BF3(OEt2) (Merck) was
distilled over LiH before use. Ni(PPh3)4 was synthesized by a
literature method.15

Infrared spectra were recorded on a Bruker FRA 106
spectrometer. EPR spectra were recorded on a CMS-8400
instrument (9.6 GHz) at 77 K.

Crystal Structure Analysis. Crystal data are listed in Table
1. Data collection: a crystal was sealed under argon in a glass
capillary and mounted on an Oxford Excalibur diffractometer.
Reflections were measured (ω-scans) using graphite-monochro-
mated Mo KR radiation; Lp correction and absorption correction
based on ψ-scans were applied. The structure was solved by
direct and conventional Fourier methods. All non-hydrogen
atoms were treated with a riding model in idealized positions.

Crystallographic data (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Centre.
Copies of the data [CCDC 682428] can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (international) + 44(1223)336-033, E-mail:
deposit@ccdc.cam.ac.uk].

[Ni(PPh3)3][BF4] ·BF3 ·OEt2. BF3 ·OEt2 (0.23 mL) was added
to a stirred solution of Ni(PPh3)4 (0.5 g) in toluene (10 mL)
over 10 min at 20°. The mixture was cooled to -10 °C,
maintained at this temperature for 3 h, and filtered. Pentane (5%
by volume) was added to the brown filtrate. The compound
[Ni(PPh3)3][BF4] ·BF3 ·OEt2 was obtained in 73% yield as
yellow crystals from the filtrate by slow crystallization at -20
°C (5-7 days) and filtration at -20 °C. Calcd for
C58H55B2F7NiOP3 (1073.29): C 64.85, H 5.12, P 8.66. Found:
C 65.23, H 4.82, P 8.37. IR (cm-1) 3060 w (ν H-C)),
1580-1980 m (ν CdC), 1460 s (δas PPh), 1440 s (δas PPh),
1290 m (δs PPh), 1100-1000 s (ν BF4

-), 890 vs (F1 PPh),
743 m (ν BF4

-), 690 w (F1 PPh), 575 s (νas PC3), 520 m (νs

PC3). EPR (toluene, 77 K): gX ) 2.07; gY ) 2.12; gZ ) 2.38;
A(1P)X ) 8.1; A(1P)Y ) 6.4; A(1P)Z ) 6.1; A(2P)X,Y,Z < 3 mT.

3. Theoretical Analysis

Three-coordinate d9-complexes of D3h symmetry (Figure 1)
have the ground E(|x2 - y2〉 ,|xy〉) and excited E(|yz〉 ,|xz〉) doubly
degenerate states.8

Molecular orbitals (MOs) can be represented as linear
combinations of metal d-orbitals and corresponding to them by
symmetry group orbitals of ligands.16 In the general form, the
MO on which there is unpaired electron is

|Ψ〉 ) a|d〉 - b|ΦL〉 (1)

where |d〉 is d-orbital of the central atom; |ΦL〉 is corresponding
by symmetry group orbital of ligands; a and b are coefficients
corresponding to the contribution to MO of combining orbitals.
Atom orbital (AO) overlapping is not taken into account, and
only σ-orbitals of ligands are considered which consist of
s-orbits of atoms from the first coordination sphere.

The ligand group orbitals that combine only with the AOs
of a ground orbital doublet have the form:16

|Φx2-y2〉 )
1

√6
(2σ1 - σ2 - σ3), |Φxy〉 )

1

√2
(σ2 - σ3) (2)

the corresponding MOs can be presented as follows:

|Θ(0)〉 ) a|x2 - y2〉 - b|Φx2-y2〉 , |ε(0)〉 ) a|xy〉 - b|Φxy〉 ,

|Θ(1)〉 ) |xz〉 , |ε(1)〉 ) |yz〉 (3)

where |Θ(i)〉 and |ε(i)〉 are symmetrical and asymmetrical MO of
orbital doublets, respectively. MO of the excited state includes
only d-functions under symmetry conditions.

Vibronic Interaction. Doubly degenerate e-vibrations are
active in Jahn-Teller interactions in three-coordinate d9-
complexs having D3h symmetry (Figure 1).17

The operator of the vibronic interaction is well-known:17

Û(i) ) 1
2

ω(i)2(QΘ
(i)2 +Qε

(i)2)σ̂0 +V(i)(QΘ
(i)σ̂z +Qε

(i)σ̂x)+

W(i)[(QΘ
(i)2 -Qε

(i)2)σ̂z - 2QΘ
(i)Qε

(i)σ̂x] (4)

where σ̂j are Pauli matrices:

σ̂x ) (0 1
1 0 ), σ̂z ) (1 0

0 -1 ), σ̂0 ) (1 0
0 1 )

ω(i) is the frequency of e(i)-vibrations; Qj
(i) are symmetrized

coordinates of e(i)-vibrations; V(i) is the constant of a linear
vibronic bond; W(i) is the constant of a quadric vibronic bond;
I takes on values 0, 1 for the ground and excited states,
respectively.

TABLE 1: Crystal Data for Complex
[Ni(PPh3)3]BF4 ·BF3 ·OEt2

empirical formula C58H55B2F7NiOP3

formula mass 1073.29
crystal size 0.36 × 0.20 × 0.10
crystal system triclinic
space group P1j
a (Å) 13.318(1)
b (Å) 13.946(1)
c (Å) 17.017(1)
R (deg) 76.880(9)
� (deg) 68.233(9)
γ (deg) 83.948(8)
V (Å3) 2857.9(3)
Z 2
Dcalcd (g/cm3) 1.387
µ(Mo KR) (mm-1) 0.491
temperature (K) 100
data collection range (deg) 4.09 g 2Θ g 26.37
H -16 g h g 16
K -17 g k g 17
L -21 g l g 20
no. reflections measured 34892
no. unique data 11644 [R(int) ) 0.0878]
parameters
GoF on F2 1.033

R1 [I g 2σ(I)] 0.0845
wR2 (all data) 0.2042

Figure 1. Three-coordinate complex of D3h symmetry.
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If it is assumed that the vibronic interactions in the ground
and excited states are independent of each another, the energies
of adiabatic potential surfaces and wave functions corresponding
to them can be written as17

ε(
(i)(F, 	)) 1

2
ω(i)2F(i)2 ( ε(i) (5)

ε(i) ) [V(i)2F(i)2 + 2V(i)W(i)F(i)3 cos 3	(i) +W(i)2F(i)4]1/2 (6)

|Ψ-
(i)〉 ) cos Ω(i)|Θ(i)〉 - sin Ω(i)|ε(i)〉 (7)

|Ψ+
(i)〉 ) sin Ω(i)|Θ(i)〉 + cos Ω(i)|ε(i)〉 (8)

tan 2Ω(i) ) V(i)sin 	(i) -W(i)F(i)sin 2	(i)

V(i)cos 	(i) +W(i)F(i)cos 2	(i)
(9)

where tan 	(i) ) Qε
(i)/QΘ

(i), F(i)2 ) QΘ
(i)2 + Qε

(i)2.

Extremes of adiabatic potential surfaces correspond to the
points where cos 	0

(i) ) ((1, -1/2) The upper sign in this
expression complies with the minimum at V(i)W(i) > 0 (	0

(i) )
0°, 120°, 240°), the lower one at V(i)W(i) < 0 (	0

(i) ) 60°, 180°,
300°).17 In these points, the wave function of the lower adiabatic
potential sheet |Ψ-〉 turns into |Θ〉 or |ε〉 , symmetrical or
asymmetrical relative to the plane orthogonal to the distortion
direction, respectively.

Spin-Orbital Interaction. The operator of the spin-orbital
interaction for the central atom has the form8

HλS ) λLS (10)

where λ is the spin-orbit coupling constant.

It is necessary to precisely solve the secular equation to allow
for this interaction in the ground state in the limits of the vibronic
doublet. Wave spin-orbital functions in the zero-order ap-
proximation have the following form at that

|( 〉0 ) cos γ|Ψ-
((0)〉 ( i sin γ|Ψ+

((0)〉 (11)

where tan 2γ ) ελ/ε(0) ελ ) -a2λ is the energy of the
spin-orbital interaction in the limits of the lower orbital doublet.

Perturbation theory can be used to take into account the
spin-orbit interaction between the ground and excited states.
Considering the first-order corrections, let us write the equation

|( 〉 ) |( 〉0 -
1
2

a2λ(sin γ- cos γ)[cos(Ω(0) +Ω(1))-

i sin(Ω(0) +Ω(1))] · [ i

∆- ε(1)
|Ψ-
-(1)〉 - 1

∆+ ε(1)
|Ψ+
-(1)〉]
(12)

where ∆ is the energy gap between the ground and excited
orbital doublets.

Zeeman Interaction. The effect of magnetic field B on a
doubly spin-degenerate ground state |(〉 can be described with
the well-known operator for the Zeeman interaction:6

Hz ) �e(L+2S)B (13)

where �e is the Bohr magneton.

Nonzero components of the effective g-tensor of a paramag-
netic system are associated with angular mechanical moments
by the following relations:6

gzz ) 2〈+|Lz + 2Sz|+ 〉

gxx ) 〈-|Lx + 2Sx|+ 〉 + 〈+|Lx + 2Sx|- 〉

gxy )-i(〈-|Lx + 2Sx|+ 〉 - 〈+|Lx + 2Sx|- 〉)

gyx ) 〈-|Ly + 2Sy|+ 〉 + 〈+|Ly + 2Sy|- 〉

gyy )-i(〈-|Ly + 2Sy|+ 〉 - 〈+|Ly + 2Sy|- 〉) (14)

Leaving in matrix elements (14) only members of the zero
and first order of smallness, it is possible to obtain the following
expressions for g-tensor components:

gzz ) 2(1+ 2a2 sin 2γ) (15)

gyy ) 2 cos 2γ- 2λa2

∆2 - ε(1)2
[∆ cos2γ- ε(1)(cosγ- sin γ)2 ×

cos 2(Ω(0) +Ω(1))] (16)

gxx ) 2 cos 2γ- 2λa2

∆2 - ε(1)2
[∆ cos 2γ+ ε(1)(cosγ- sinγ)2 ×

cos 2(Ω(0) +Ω(1))] (17)

gxy ) gyx )
2a2λε(1)

∆2 - ε(1)2
(cos γ- sin γ)2 sin 2(Ω(0) +Ω(1))

(18)

From here it is seen that the consideration of the vibronic
interaction in the excited state predicts the existence of three-
axial anisotropy of the g-tensor even at the level of first-order
perturbation theory, the g-tensor being of a nondiagonal form
(gxy ) gyx * 0) which indicates the variance of g-tensor main
axes in the plane (xy) with molecular axes x, y. Using standard
techniques,6 it is possible to obtain the main components of the
g-tensor in the plane (xy) and the relation between the molecular
coordinate system and the coordinate system in which the
g-tensor is diagonal:

g1,2 ) 2 cos 2γ- 2λa2

∆2 - ε(1)2
[∆ cos 2γ( ε(1)(sin γ- cos γ)2]

(19)

tan 2R)
2gxy

gyy - gxx
) tan 2(Ω(0) +Ω(1)) (20)

where R is the turning angle of x and y axes in the plane (xy).
In expression (19) the functional dependence on Ω is absent

for g1,2. It indicates that the main axes of the g-tensor 1 and 2
will rotate in coordination about the z axis when a three-
coordinate complex is distorted by motion of ligands.

Figure 2 displays the dependence of the g-tensor main
components on the ratio of energies of the spin-orbit and
vibronic interactions (ελ/ε(0)). In order to diminish the number
of variable parameters, the following simplifications were
assumed: (i) energies of the vibronic interaction in the ground
and excited states are equal (ε(0) ) ε(1)); (ii) the factor a (the
portion of d-orbitals in the ground-state MO) is taken to equal
0.9, which is typical of coordination compounds;18 (iii) the
relation ε/∆ ) 0.29 reflects the fact that that under these
conditions the difference between g1 and g2 is maximal and
satisfies the condition of smallness of the vibronic interaction
in comparison with electronic. For example, when ε/∆ ) 0.10
the curves for g1 and g2 virtually merge into one line. It is seen
from Figure 2 that when the ελ/ε(0) f 0 components of the
g-tensor tend to the pure spin value (ge ) 2). Within the range
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0 < ελ/ε(0) < 0.5, all components of the g-tensor are larger than
the pure spin value.

Hyperfine Interaction (HFI) with Ligand Nucleus. The
Hamiltonian for the contact HFI between electronic and nuclear
magnetic moments has the following form6

HSI )
8π
3

P ′ ∑
i

δ(ri)IiS (21)

where P′ ) 2gN�e�N; δ(ri) is the Dirac delta function; Ii is spin
of the ith nucleus; S is electron spin; ri is a distance from the
ith nucleus to electron.

HFS isotropic constants are associated with the contact
interaction operator as follows:6

Aiso
(i)) 2P ′ 〈 + |8π

3
δ(ri)Sz|+ 〉 (22)

Isotropic constants for each of the ligands were found using
this expression:

Aiso
(1) ) 16π

9
P′b2(cos2 γ cos2 Ω(0) + sin2 γ sin2 Ω(0))

Aiso
(2) ) 8π

3
P ′ b2[1

6
(cos2 γ cos2 Ω(0) + sin2 γ sin2 Ω(0)) +

1
2

(cos2 γ sin2 Ω(0) + sin2 γ cos2 Ω(0))+ 1

2√3
cos 2γ sin 2Ω(0)]

Aiso
(3) ) 8π

3
P ′ b2[1

6
(cos2 γ cos2 Ω(0) + sin2 γ sin2 Ω(0)) +

1
2

(cos2 γ sin2 Ω(0) + sin2 γ cos2 Ω(0))- 1

2√3
cos 2γ sin 2Ω(0)] (23)

From expressions (23) it follows that Aiso
(i) are functions of

Ω(0), and hence, of the angle 	 (eq 9)).
Figure 3 illustrates angular dependences of the isotropic HFS

constants with nuclei of ligands in the linear approximation of
the vibronic interaction. From the curves obtained it is seen
that in three points of the potential energy surface minimum, 	
) 0°, 120°, 240°, the HFS isotropic constant from one ligand
is larger than HFS constants from the other two, and in the
points 	 ) 60°, 180°, 300°, on the contrary, HFS isotropic
constants from two equivalent ligands are larger than from the
third ligand. Therefore, if the static Jahn-Teller effect is
realized, pairwise magnetic equivalence should be expected. The
fact draws attention that in the points of the potential surface
minimum both in the first and in the second case constants from

two equivalent ligands remarkably change when the angle 	
slightly changes, while the constant from the third ligand stays
virtually invariant. Hence, one may expect the lines from
pairwise equivalent nuclei to broaden in the EPR spectrum.

Figure 4 displays the dependence of HFS isotropic constants
on the ratio of energies of the spin-orbital and vibronic
interactions in the ground state (ελ/ε(0)). It follows from the
curves that the more the vibronic interaction prevails over
spin-orbital, the larger differences in HFS isotropic constants
in potential energy minima. On the other hand, in the extreme
case when the spin-orbital interaction prevails over vibronic,
(ελ/ε(0)) f ∞, all these three constants will equal each other
and tend to the value Aiso

(i) ) (8�2/9)πP′b2.
It should be noted that, allowing for the accepted in the

present paper hierarchy of the spin-orbital and vibronic
interactions, formulas (23) may be used for the description of
experimental data only when the vibronic interaction prevails
over spin-orbital.

4. Results and Discussion

Table 2 contains selected geometrical parameters for
[Ni(PPh3)3][BF4] ·BF3 ·OEt2, and literature data for several
similar three-coordinate Ni(0) and Ni(I) phosphine complexes.

As shown in Figure 5, the molecular structure of [Ni-
(PPh3)3][BF4] ·BF3 ·OEt2 contains the salt [Ni(PPh3)3][BF4] and
1 equiv of the adduct BF3 ·OEt2. The [Ni(PPh3)3]+ cation has a
flat, approximately T-shaped geometry at Ni (the sum of all

Figure 2. Dependence of g-tensor components on ratio of energies of
spin-orbital and the vibronic interactions (a ) 0.9; ∆/ε(i) ) 3.5).

Figure 3. Dependence of HFS isotropic constants on the angle 	 (tan
2γ ) 0.3).

Figure 4. Dependence of HFS isotropic constants on the ratio of
vibronic and spin-orbital interactions; li, mi, ni are numbers of ligands
alternately taking on values 1, 2, 3; i ) 1 under the condition VW >
0 (	 ) 0°, 120°, 240°) and i ) 2 under the condition VW < 0 (	 )
60°, 180°, 300°).
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angles ∑(Pi-Ni-Pj) ) 359.90(9)°). The largest difference in
Ni-P bond lengths is 0.032 Å and that in P-Ni-P bond angles
is 34.98(1)°. For comparison, the corresponding largest differ-
ences for Ni(PPh3)3, a diamagnetic Ni(0) complex that exists
as two geometrical isomers in a unit cell of single crystal,19 are
0.007(9) Å and 2.7(0)° for a-isomer and 0.005(1) Å and 3.7(0)°
for b-isomer. Apparently, the distortion from trigonal symmetry
in [Ni(PPh3)3]+ is caused by the Jahn-Teller effect which has
static character in the crystal. This conclusion is consistent with
ab initio and DFT calculations for [Au(PH3)3]+ (5d10).20

Calculations for the singlet ground state (1A1′) predict a trigonal
planar geometry (D3h) with the HOMO being the degenerate e′
orbital, which has a predominant 5dxy, 5dx2-y2 contribution with

antibonding Au-P character. Calculations for the lowest triplet
excited state (3E′′ ) predict a T-shaped geometry due to a
Jahn-Teller distortion.

The average Ni-P bond length in [Ni(PPh3)3]+ (2.202(5) Å)
is slightly greater than that in Ni(PPh3)3 (2.152(8) and 2.142(1)
Å for a-and b-isomers, respectively19). A similar trend in metal
- phosphorus bond lengths was observed for a large number of
phosphine complexes with an electron configurations ranging
from d1 to d10.21–24 The M-P bond lengthening upon going to
a higher oxidation state is usually ascribed to a reduction in
d-π* backbonding, the π* orbitals in this case being combina-
tions of the P-C 2ex,y MOs and the P 3d orbitals.21–23

On the other hand, the average Ni-P bond length in
[Ni(PPh3)3]+ (2.202(5) Å) is slightly smaller than that in the
heteroleptic neutral complexes [(Ph3P)2NiCl] ·THF (2.2052(1)
Å),25 (Ph3P)2NiCl (2.246(1) Å),26 and (Ph3P)2Ni{N(SiMe3)2}
(2.216(9) Å).27 The average length of the Ni-P bonds in all of
complexes listed in Table 2 is less than the Ni-P bond lengths
in tetrahedral four-coordinate Ni(I) complexes: (Ph3P)3NiCl
(2.2979(2) Å);25 [(Ph3P)3NiCl] ·C7H8 (2.3055(5) Å);28 (Ph3P)3-
NiBr (2.315(6) Å);29 [(Ph3P)3NiJ] ·0.5THF (2.2949(3) Å).30

EPR data for homoleptic d9 [Ni(PR3)3]+ complexes (R ) Ph,
Cy), and several heteroleptic Ni(I) and Cu(II) complexes whose
structures were established by X-ray diffraction, are listed Table
3. The EPR parameters for (Ph3P)2NiX complexes were
determined from spectra of these compounds in (Ph3P)2-
CuX ·0.5C6H6 single crystals;31 data for the other complexes in
Table 3 were determined from spectra of frozen solutions.

According to Table 3, g-tensors are rhombic anisotropic for
all Ni(I) complexes, and the ratio g3 - g2 > g2 - g1 is generally
observed both for homoleptic and the majority of heteroleptic
complexes. There is generally good agreement between the
experimental values of a g-tensor for the considered compounds

TABLE 2: Selected Bond Lengths (Å) and Angles (deg) of Molecular Structure for Three-Coordinate Ni(I) and Ni(0)
Complexes

complex bond length (Å) angle size (deg) ref

[Ni(PPh3)3]BF4 ·BF3 ·OEt2 Ni1-P1 2.215(2) P1-Ni1-P2 107.00(6) this work
Ni1-P2 2.209(2) P1-Ni1-P3 141.98(7)
Ni1-P3 2.183(2) P2-Ni1-P3 110.91(6)
Ni-Paverage 2.202(5) ∑(Li-Ni-Lj) 359.90(9)
B1-F1 1.348(8) F1-B1-F2 106.6(6)
B1-F3 1.359(8) F1-B1-F3 112.3(6)
B1-F4 1.387(8) F1-B1-F4 111.9(6)
B1-F2 1.398(9) F2-B1-F3 106.5(6)

F2-B1-F4 107.6(6)
F3-B1-F4 111.5(6)

Ni(PPh3)3
a Ni1-P1 2.154(2) P1-Ni1-P2 121.2(1) 19

Ni1-P2 2.148(2) P1-Ni1-P3 118.5(1)
Ni1-P3 2.156(1) P2-Ni1-P3 120.2(1)
Ni-Paverage 2.152(8) ∑(Li-Ni-Lj) 359.9(3)

Ni(PPh3)3
b Ni2-P4 2.143(2) P4-Ni2-P5 118.0(1) 19

Ni2-P5 2.144(2) P4-Ni2-P6 121.7(1)
Ni2-P6 2.139(1) P5-Ni2-P6 120.3(1)
Ni-Paverage 2.142(1) ∑(Li-Ni-Lj) 360.0(3)

[(Ph3P)2NiCl]•THF Ni-P1 2.2091(6) P1-Ni-P2 111.52(2) 25
Ni-P2 2.2012(6) P1-Ni-Cl 121.33(2)
Ni-Cl 2.1481(6) P2-Ni-Cl 126.98(2)
Ni-Paverage 2.2052(1) ∑(Li-Ni-Lj) 359.83(6)

(Ph3P)2NiCl Ni-P1 2.2536(5) P1-Ni-P2 114.94(2) 26
Ni-P2 2.2393(5) P1-Ni-Cl 121.12(2)
Ni-Cl 2.1666(6) P2-Ni-Cl 123.56(2)
Ni-Paverage 2.2465(0) ∑(Li-Ni-Lj) 359.62(6)

(Ph3P)2Ni{N(SiMe3)}2 Ni-P1 2.220(4) P1-Ni-P2 107.0(2) 27
Ni-P2 2.213(4) P1-Ni-N 130.4(4)
Ni-N 1.88(1) P2-Ni-N 122.5(4)
Ni-Paverage 2.216(9) ∑(Li-Ni-Lj) 360.0(0)

Figure 5. Molecular structure of a unit cell for [Ni(PPh3)3]-
BF4 ·BF3 ·OEt2 crystal.
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and theoretically designed values of these parameters in a wide
range of energy ratio for spin-orbital and Jahn-Teller interac-
tions (Figure 2). One exception is (N^N)MeNi(CO), for which
the opposite ratio g3 - g2 < g2 - g1 is observed. Apparently,
in this case, the influence of the differences in the ligands
overrides the effects of the vibronic interaction. A first-order
Jahn-Teller effect is not present in (N^N)MeNi(CO).33

(N^N)MeCuX complexes (X ) Cl, SCPh3, SC6H3Me2),9,36 for
which g3 > g2 ) g1, are another exception.

The experimental EPR data for (Ph3P)2NiX obtained from
(Ph3P)2CuX ·0.5C6H6 single crystal31 are useful for testing
theoretical constructions. It has been shown31 that the main axis
3(Z) of the g-tensor in a flat (Ph3P)2NiX complex is perpen-
dicular to the complex plane and to the main axes Y1-3 of the
HFS tensors of nonequivalent 31P nucleus. The chosen theoreti-
cal design (Figure 1) corresponds to the single-crystal EPR
data.31 The magnetic nonequivalence of the 31P nuclei in a
heteroleptic (Ph3P)2NiX complex is coordinated with geo-
metrical nonequivalence of phosphorus atoms and it is the proof
of vibronic interactions in heteroleptic complexes too.

Comparing calculated values for the g-tensor components
(Figure 2) with experimental values for three-coordinate com-
plexes, we come to the conclusion that the calculated values
correctly reproduce the experimental data at ελ/ε(0) in the range
from 0.05 to 0.5. The experimentally determined HFS constant
from PPh3 ligand substantially exceeds those from the other
two in homoleptic cationic [Ni(PPh3)3]+ complex, indicating
the static nature of the Jahn-Teller effect. In compliance with
theoretically found values for HFS constants, these points of
the minimum are characterized by the identical sign of linear
and quadric constants of the vibronic bond (V(i)W(i) > 0).

The theoretical expressions derived here can be used to
interpret the EPR spectra for other three-coordinate metal
complexes with a 3d9 electronic configuration. For example,
the g-tensor for [Ni(PCy3)3][BF4] has rhombic anisotropy also
(g1 ) 2.10; g2 ) 2.17; g3(z) ) 2.40); however, in this case the
HFS constant from the two equivalent 31P nucleus is greater

than that from the third 31P (A(2P)1 ) 6.4; A(2P)2 ) 6.1;
A(2P)3(z) ) 6.0; A(1P)1,2,3(z) < 3.0 mT).13 Hence, the linear and
quadric constants of the vibronic interactions for
[Ni(PCy3)3][BF4] have different signs (V(i)W(i) < 0).

5. Conclusion

The compound [Ni(PPh3)3][BF4] ·BF3 ·OEt2 was isolated in
crystalline form from the olefin oligomerization catalyst system
Ni(PPh3)4/BF3 ·OEt2 and structurally characterized by X-ray
diffraction. The [Ni(PPh3)3]+ cation has a flat T-shaped geometry
at Ni. To understand the EPR spectra of [Ni(PPh3)3]+ and related
three coordinate d9 complexes, the influence of vibronic
interactions in both the ground and excited states on the EPR
parameters has been investigated within the framework of ligand
field theory. Having assumed that spin-orbit interactions are
less important than vibronic interactions, analytical expressions
for g-tensor components and isotropic hyperfine coupling
constants with ligand nuclei were obtained using first-order
perturbation theory. It has been shown that the account of the
vibronic interaction in the excited-state predicts the existence
of three-axial anisotropy of the g-tensor even at the level of
first-order perturbation theory; two axes of the g-tensor located
in a plane of three-coordinate structure can rotate about the main
z axis when a compound is distorted by motion of ligands. It
has been shown that, in three points of the potential energy
surface minimum, for which linear and quadric constants of the
vibronic interactions have an identical signs, the HFS isotropic
constant from one ligand is larger than HFS constants from the
other two; for different vibronic constant signs the ratio between
HFS constants varies on opposite. Results of theoretical
researches are in quality equal to experimental data for three-
coordinate Ni(I) and Cu(II) flat complexes.
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TABLE 3: EPR Data for Selected Three-Coordinate Ni(I) and Cu(II) Complexesa

complex g1 g2 g3(z) A1(P), mT A2(P), mT A3(z)(P), mT ref

[Ni(PR3)3]BF4

R ) Ph 2.07 2.12 2.38 8.1(P1), <3(P2,3) 6.4(P1), <3(P2,3) 6.1(P1), <3(P2,3) 13, 14
R ) Cy 2.10 2.17 2.40 6.4(P2,3), <3(P1) 6.1(P2,3), <3(P1) 6.0(P2,3), <3(P1) 13
(Ph3P)2NiX
X ) Cl 2.111 2.167 2.446 6.8(P1), 4.2(P2) 5.4(P1), 3.8(P2) 4.8(P1), 3.1(P2) 31
X ) Br 2.112 2.209 2.435 7.3(P1), 3.5(P2) 5.1(P1), 3.4(P2) 4.7(P1), 3.0(P2) 31
(N^N)MeNiL
L ) PCy3 2.03 2.17 2.54 32
L ) dppm 2.03 2.16 2.43 32
L ) CO 2.01 2.17 2.19 33
(N^N)t-BuNi(THF) 2.07 2.11 2.51 34
(N^N)MeCuX
X ) OC6H4OMe 2.02 2.07 2.22 9.0(Cu) 35
X ) Cl 2.05 2.05 2.20 0.8(Cu) 0.8(Cu) 12.6(Cu) 36
X ) SCPh3 2.037 2.037 2.169 0.49(Cu) 0.97(Cu) 10.5(Cu) 9, 36

1.0(N) 1.0(N) 1.4(N)
X ) SC6H3Me2 2.04 2.04 2.18 1.4(Cu) 1.4(Cu) 11.3(Cu) 9

a
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Supporting Information Available: Crystal structure report
for PK5: C54H45NiP3 + C4H10OBF3 + BF4 + C7H8. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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