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Nuclear Magnetic Resonance Studies of Planar
Low-Spin Complexes of Cobalt(II) with Schiff Bases.
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Abstract: Isotropic proton NMR shifts have been measured for low-spin salicylaldehyde Schiff base complexes of cobalt(1I}
in CDCl;3. The isotropic shifts are shown to arise from both dipolar and contact interaction of comparable magnitude. This
appreciable contact contribution is attributable to spin delocalization involving M <= L = charge transfer out of the highest
filled # MO. From the mode of the interaction between the cobalt ion and the ligand, it is concluded that the cobalt(IT) com-
plexes have an electronic ground state with the unpaired electron in the d,; orbital.

The electronic structure of the N,/V'-ethylenebis(salicyli-
deneiminato)cobalt(II) complex, Co(salen), has been wide-
ly investigated by electronic spectroscopy,! ESR spectrosco-
py.!*? and other methods.? It is known that in coordinating

solvents, such as pyridine, piperidine, etc., the complex
forms a five-coordinate, square pyramidal species with the
solvent molecules, and it possesses an electronic ground
state having an unpaired electron in the d,2 level.1>:25%4 In
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Table I. Isotropic Proton NMR Shifts (ppm)
Complex 3 4 N 6 8
Co(salen) a -7.05 +38.36 -0.96
Co(3-Me(salen)) (=36.11)® -7.31 a —1.25
Co(4-Me(salen)) a (+12.04)b +36.27 —-1.87
Co(5-Me(salen)) a —6.28 (=22.81)b -1.31
Co(salibn) a —6.85 +34.27 -1.51 (—22.60)
aNot observed. ? Value for the methyl protons.
Z Colsalen) S s
ap B -

Figure 1. Schematic illustration of salicylaldehyde Schiff base com-
plexes of cobalt(IT) and definition of the coordinate system fixed in the
molecule: R = H, R’ = H, Co(salen); R = Me, R’ = H, Co(Me(sal-
en)); R = H, R’ = Me, Co(salibn).

noncoordinating solvents or matrices, such as chloroform,
toluene, or Ni(salen) matrix, the complex takes a planar
form. However, its electronic ground state is still ambigu-
ous, although many proposals have been made.!bc.2b-f.5
Some proposed electronic configurations with an unpaired
electron in the d,2 level for the ground state of the Co-
(salen),'?¢25d and others preferred those with an unpaired
electron in the d,, level.2>f In a recent ESR study made in
our laboratory, the latter was shown to more likely be as
the ground state of planar Co(salen). Although ESR has
been utilized most extensively in investigations of Co-
(salen), the NMR technique seemed most useful to deter-
mine the half-filled orbital in the ground state electronic
configuration of the complex. The present investigation was
undertaken in order to obtain conclusive evidence for the
unpaired electron orbital in the ground state electronic con-
figuration of the four-coordinated low-spin Co(salen) by
means of NMR,

Experimental Section

Co(salen), Co(Me(salen)), and Co(salibn) (see Figure 1) were
prepared according to previously reported methods.” Methyl sub-
stituted salicylaldehydes used in the preparation were obtained
from the corresponding phenols by the Duff reaction.?

The sample solutions for NMR measurements were prepared by
dissolving 0.7-3 mg of the cobalt(II) complexes into 0.3-0.5 ml of
degassed CDCl3 in a vacuum line. Proton NMR spectra at ambi-
ent temperature (39°) were recorded by means of a Jeol C-60 HL
spectrometer. Temperature dependence of the NMR spectra was
measured by use of a Jeol JNM PS 100 spectrometer equipped
with a variable temperature probe and a temperature controller.
TMS was used as an internal reference. Isotropic shifts are ref-
erenced against the corresponding free ligands and are reported in
parts per million,

Results

The proton NMR spectra for Co(salen), Co(Me(salen)),
and Co(salibn) in CDCl; are illustrated in Figure 2, and the
isotropic shifts obtained are listed in Table I. Signal assign-
ments were made on the basis of methyl substitution at
three of the four ring positions. The signals due to the pro-
tons at the 3 position, azomethine protons and methylene
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Figure 2. Proton NMR spectra of Co(salen), Co(Me(salen)), and
Co(salibn) in CDCl; at 39°.

T T T
Colsatery Co(3-Mesaier;
P 0 3-Ch;
34
Sl o 6= DNy -
e T ,
sk % 4
£ N
g ) !
~ -100F B 1
n N
I ~
%2}
o
£ -200- .
S
x
-
)
2 >
-300r ° 7
-
[o]8] 10 235 el 4G 50

e
Flgure 3. Plot of isotropic shift vs. reciprocal temperature for Co(salen)
and Co(3-Me(salen)) in CDCl;.

protons, were not found in the range of +300 ppm from
TMS, though the signals due to the methyl protons substi-
tuted at these positions were detected. The failure to ob-
serve the signals is probably due to large shifts out of the
range of observation or large line broadening caused by
strong electron spin-nuclear spin interaction. In the NMR
spectrum of Co(3-Me(salen)) (Figure 2), a signal due to
the proton at position 5 was not clearly observed, because of
the overlap with the out-of-phase signal of one due to the
methyl protons at position 3. Temperature dependence of
the isotropic shifts for Co(salen) and Co(3-Me(salen)) is
shown in Figure 3. For the protons at 5 and 6 positions, reli-
able data of temperature dependence could not be obtained
because of low intensities due to the large line broadening
and of the overlap with a CHCl; signal.
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Table II. Separation of Dipolar and Contact Shifts and Hyperfine Coupling Constants of Ligand Protons
Calcd dipolar shift (ppm)  Resultant contact shift (ppm) an (G)
Position Obsd shift (ppm) a b a b a b
3 Mec -36.11 -25.78 —16.13 —10.33 -19.98 +0.122 +0.235
4 HA -7.05 -0.47 -0.28 —6.58 —6,77 +0.078 +0.080
Mec +12.04 +0.57 +0.37 +11.47 +11.67 -0.135 -0.137
SHA +38.36 +6.02 +3.79 +32.34 +34.57 —0.382 -0.407
Mec -22.81 +3.82 +2.41 —26.63 —25.22 +0.315 +0.298
6 Hd —-0.96 +13.90 +8.74 —14.86 -9.70 +0.175 +0.114

@ Values calculated by the use of g values for Co(salen) in Ni(salen) matrix. & Values calculated by the use of g values for Co(salen) in
CH,Cl, solution. ¢ Values for the methyl protons in the respective methyl derivatives of Co(salen). ¢ Values for the ligand protons of

Co(salen).

Discussion

Analysis of NMR Isotropic Shifts. The observed isotropic
shifts, (AH/H)'s°, are divided into contact and dipolar con-
tributions

(AH/H)® = (AH/H)%P + (AH/H)en (1)

For a complex with only one thermally populated multiplet
with an effective spin $’, the dipolar shift, (AH/H)%P, and
the contact shift, (AH/H )", are expressed by the following
equations, which obey the Curie law.’

B281(S' + 1)

ip = — Y 2
(AH/H)IP = — {(2g.:2 — gux® — g1?) X
(1 = 3cos?8) + 3(gyy® — gxx?) sin? B cos 20} (2)
con = _ ANBS(S"+ 1) +
(AH/H) 9ﬁ7NgekT (gXXngx
gyygsyy + gzzgs") (3)

where R is the distance from the metal ion to the ligand nu-
cleus, 4 is the angle between the z axis and the vector, o,
joining the metal and ligand nucleus, Q is the angle between
the x axis and projection of ¢ in the xy plane, and g, is the
spin contribution to g;; values. When splittings between the
ground state and excited states are smaller than k7, the
second-order Zeeman (SOZ) term should be further taken
into account to the both dipolar and contact shifts.? In the
present work, the variable temperature NMR data suggest
that the SOZ term may make some contribution to the iso-
tropic shifts (vide infra). However, as detailed analysis of
the SOZ term was not warranted in the absence of reliable
data on magnetic susceptibilities or the excited states, the
observed itropic shifts were analyzed based on eq 2 and 3.
The g values necessary to calculate the dipolar term were
taken from ESR data. It is known from ESR that low spin
Co(salen) in noncoordinating solvents has rhombic aniso-
tropy,1:20-d:6,10 that is g =~ g» < g3. By a single-crystal
study,?° the g|, g2, and g3 are assigned to 8vyr 82z and gy,
respectively. Here the coordinate axes are chosen as is
shown in Figure 1. The g values obtained for Co(salen) in
various noncoordinating matrices are in the range of 3.17-
3.81 for gxx, 1.66-1.93 for gy, and 1.74-1.96 for g,,. How-
ever, as the reliable analysis of ESR for Co(salen) in CDCl3
was impossible,510 the calculation of the dipolar term was
carried out for the two cases with use of g values obtained
in the Ni(salen) matrix (gxx = 3.805, g,, = 1.66, g, =
1.74)% and in CH,Cl; solution (gxx = 3.32, g,, = 1.91, g,
= 1.96).10 The g values in Ni(salen) matrix show the larg-
est anisotropy among the known data. Hence the dipolar
shifts calculated are the largest to be expected, and vice
versa for the case of CH,Cl, solvent system. The geometric
factor for the calculation of the dipolar shifts was taken
from X-ray structural data.!! The contact shifts were ob-
tained from the observed isotropic shifts and the calculated

dipolar shifts as a difference between them. Table II shows
the resultant dipolar and contact shifts, together with the
hyperfine coupling constants, an, calculated by eq 3.

Spin Delocalization on the Ligand. The contact shifts for
Co(salen) and its methyl derivatives show alternation at ad-
jacent protons, Such an alternation of contact shifts is most
common in 7 delocalization systems. However, there are
cases in which such an alternation is well explained by the ¢
delocalization mechanism,'? and hence it does not seem
that there is a simple diagnosis for spin delocalization
mechanisms. However, it seems valuable to compare the
present result with the following two cases: (a) a pyridine
diadduct of bis(salicylaldehydato)nickel(II) complex,
Ni(sal)>2py, and (b) bis(N-isopropylsalicylaldiminato)-
nickel(IT) complex. Both of them have analogous structures
to Co(salen), but the nickel(II} complexes have metal
ground states different from each other. The former has two
unpaired electrons in the dy2—,2 and d,2 orbitals and ¢ delo-
calization is expected to make appreciable contribution to
the contact shifts. The latter is known to have two t; un-
paired electrons, and the contact shifts have been shown to
be dominated by 7 delocalization.!?

From the NMR data reported by Schwarzhans,!4 the
contact shifts for Ni(sal),-2py were found to be +0.44,
—18.88, —1.19, and +6.45 ppm for the protons at the 3, 4,
5, and 6 positions of the salicylaldehydato ligand, respec-
tively. In general, ¢ delocalization causes downfield shift of
proton NMR, which attenuate in magnitude with the num-
ber of interconvening bonds, and in some cases it causes
large downfield shifts for protons on a zigzag route from a
spin site.!3%13 The large downfield shift observed for the 4
position in Ni(sal),.2py is apparently due to this stereospe-
cific spin transfer through ¢ orbitals, showing existence of
appreciable ¢ delocalization in Ni(sal)»-2py. 1t should be
noted that the pattern of the contact shifts for Co(salen)
and its methyl derivatives differs from that seen for Ni(sal),.
2py.

In contrast to the above result, the contact shifts for Co-
(salen) and its methyl derivatives resemble well those re-
ported for bis(N-isopropylsalicylaldiminato)nickel(11) com-
plex and its methyl derivatives!? in relative magnitude and
sign, though the contact shift for the 6 position in Co(salen)
is much larger than that in the nickel(II) complexes. Better
proportionality is seen between the contact shifts for Co-
(salen) and the spin density distribution for the salicylaldi-
minato w cation calculated by the valence bond method;!32
the proportionality is shown by the ratio of the calculated
and experimental spin densities in Table III (vide infra). In
view of these facts it seems reasonable to conclude that =
delocalization far outweighs o delocalization in the planar
low-spin Co(salen) and its methyl derivatives.

Table III lists the spin densities calculated by the
McConnell relation!? for ring protons, ay = Qcupc, and
the similar relation for methyl protons, ame = Qmepc, as-
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Table III. Comparison of Spin Densities for Co(salen),
Pexpls with Those Calculated for the Salicylaldiminato =
Cation, p¢alcd

Pcalcd
Posi- VB McLachlan®  pgqicd/
tion Pexpl® methodd method Pexpl
3 (+0.0087) +0.3477 +0,2546 (40.0)
4 —0.0035 (-0.0051) -0.1972  -0.0612 54.8 (38.7)
S +0.0181 (+0.0110) +0.3897 +0.3127 21.5(35.4)
6 —0.0051 —0.2190 +0.1270 429

4 Obtained from ay values based on g values in the CH,Cl,
solvent system. The vlaues in parentheses are obtained from ay for
methyl protons and others from ay for ring protons. ¥ Taken from
ref 13a. ¢ The following parameters were used. san = 2.08, S, =
2,88, BN-7 = 0.98, Bo.2 = 0.88, and A = 1.0.  The spin densities by
the VB method were used for pcaicq- The values in parentheses are
based on pexp; obtained using methyl protons.

suming the values for Qcy and Qume to be —22.5 and +27
G, respectively. The spin densities obtained are compared to
those for the salicylaldiminato = cation in the table. From
the fact that the spin densities for Co(salen) are proportion-
al to those for the salicylaldiminato = cation, it is deduced
that there is transfer of 8 spin from the highest bonding =
MO of the ligand to the metal, retaining excess « spin on
the ligand. It may be worthwhile to note that the mode of
the spin delocalization is also anticipated from the view-
point of the MO theory. That is, the lowest vacant = orbital
has a node on the plane including the-axis of the d= orbital
of the cobalt(II) ion. However, the highest bonding 7 orbit-
al does not have a node in the plane, and hence it is more
preferable for the pr—dr interaction than the lowest vacant
7 orbital. From the observed spin density distribution, the
total unpaired electron densities delocalized on the ligand
are estimated to be about 1-4% of that in the cobalt(l11) ion.

Ground State Electronic Configuration of Planar Low-
Spin Co(salen). Although it has been pointed out that appre-
ciable in-plane magnetic anisotropy for the planar Co-
(salen) results from a small energy difference between the
d;2 and d,; levels,!®¢2%6 it is not weil-established which or-
bital is lower. Busetto et al.!® considered that an electronic
configuration with an unpaired electron in the d,2 orbital is
the ground state of the Co(salen). On the other hand,
Zelewsky et al.>¢ reported that in the ground state an un-
paired electron is mainly in the d, . orbital. In a recent ESR
study, Kawakita et al.% also showed that the model of
Zelewsky et al. is preferable as the ground state of the pla-
nar Co(salen).

It has been shown above that there is transfer of 8 spin
from the highest bonding # MO of the ligand to the metal.
For such a = spin-delocalization mechanism, the electronic
configuration with an unpaired electron in the d,. orbital is
apparently more favored than that with an unpaired elec-
tron in the d,2 orbital for the ground state of the cobalt(11)
ion. In the model of Busetto et al., assuming the (d,2) con-
figuration to be the lowest, they showed that the (d,,) con-
figuration also takes part in the ground state as a minor
contributor (i.e., in the extent of 3%) by the spin-orbit cou-
pling effect.! In their model, the half-filled orbital in the
(dy;) configuration should have an unpaired electron with
an opposite spin (3 spin) to that of the unpaired electron in
the main (d,2) configuration. Hence in their model, the M
<— L electron transfer would favor « spin transfer. Appar-
ently this contradicts the observation. It can be concluded,
therefore, that the electronic configuration with an un-
paired electron in the d,, orbital is the most likely as the
ground state of the planar Co(salen).

It has been shown that the contact shifts of the planar
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low-spin cobalt(II) porphyrin complexes are small and have
negligible contribution to the isotropic shifts.!” This small
contact interaction has been explained by La Mar et al. as
being consistent with the ground state of the complexes

‘having an unpaired electron in the d.2 orbital. The signifi-

cant contribution of the contact shifts in the present planar
low-spin Co(salen) contrasts with the contact shifts of the
cobalt(IT) porphyrin complexes. This fact seems to be an-
other support of our conclusion about the ground state elec-
tronic configuration of the complex.

Temperature Dependence of Isotropic Shifts. Deviation
from the Curie law was observed for temperature depen-
dence of the isotropic shifts (Figure 3); the plot of the iso-
tropic shifts vs. 77! is nearly linear for each proton over the
range of experiment, but the extrapolated lines do not pass
through the origin at 7-! = 0. Especially, the behavior of
the 6 position appears to be somewhat curious. The devia-
tions of the intercept from the origin are too large to attrib-
ute merely to inappropriate subtraction of diamagnetic con-
tributions. In some cases it has been pointed out that
changes in axial perturbation by solvent molecules with
temperature cause deviation of dipolar shifts from the Curie
law.!7 In the present case, however, the deviation from the
Curie law is not proportional to the geometric factor in the
dipolar term, suggesting that the temperature dependent
axial perturbation by solvents is not a dominant effect.

On the other hand, the previous investigations by ESR
have indicated that the first excited state of planar Co-
(salen) lies closely to the ground state; Kawakita et al.b and
Zelewsky et al.?¢ predicted that the first excited state lies
only 2 kK above the ground state. It seems likely, therefore,
that the SOZ term may make some contributions to both
the dipolar and contact shifts, and hence it may cause some
deviation from the Curie law. Because of the absence of re-
liable data on the excited states or magnetic susceptibilities,
detailed analysis of the SOZ contributions was not tried,
though they were roughly estimated to be about 20% at
most based on the data of Kawakita et al. on the excited
states. By the SOZ contributions and other unknown ef-
fects, the analysis of the isotropic shifts in Table 1I may in-
clude some error, but the neglect of these effects in the
analysis does not seem to affect our conclusion on the
ground state electronic configuration of the planar low-spin
Co(salen).

On the Assignment of g Tensor. In this work, we treated
the largest g value as g., and the smallest one as g,, ac-
cording to the ESR analysis. When any other selection of
gxx was made, it was impossible to find a proper model
which reasonably explains the resultant contact shifts. The
assignment of the largest g value to g,, seems most likely as
was concluded from the ESR analysis. The assignment of
the smallest two g values to gy, or g, could not be made by
means of NMR analysis, because of the small difference
between the two g values.
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Structure and Bonding in
Octafluoro-trans-but-2-enebis(triphenylphosphine)-
platinum, Pt{CF3;CFCFCF;P(CgHs)3),, a Compound
with Unusually Long Carbon-Fluorine Bonds

Jay M. Baraban and John A. McGinnety*!
Contribution from the Sterling Chemistry Laboratory, Yale University,

New Haven, Connecticut 06520. Received September 19, 1974

Abstract: The crystal and molecular structure of a substituted olefin complex of platinum, Pt{CF3;CFCFCF;][P(CgsHs)3]2,
has been determined from three-dimensional X-ray diffraction data. The complex crystallizes in space group P2,/c of the
monoclinic system, with four molecules in a unit cell of dimensions @ = 11.635 (2) A, b = 19.213 (4) A, c = 18.107 3) A, 8
= 114.39 (2)°. The structural parameters were refined by least-squares techniques, the R factor on F converging to 5.4% for
the 3841 independent reflections (measured using a four-circle diffractometer) for which F2 > ¢(F2) and 26 < 50°. No sym-
metry is crystallographically imposed upon the molecules but they have C, symmetry to a good approximation. Coordination
around platinum is not exactly planar, the largest distortion being the displacement of one olefinic carbon atom by 0.29 (1)
A from the plane defined by the other four atoms; the dihedral angle between the PtP; and PtC; planes is 10.8 (7)°. The ole-
finic carbon-carbon separation is 1.429 (14) A; this value does not differ significantly from the corresponding parameter in
the analogous 4,4’-dinitro-trans-stilbene complex, suggesting that the separation of the olefinic carbon atoms in complexes of
this type formed by acyclic olefins is not a function of the olefinic substituents. The olefinic carbon atoms are essentially
equidistant from platinum, the Pt-C distances being 2.028 (12) and 2.048 (11) A. The Pt-P bond lengths are 2.302 (3) and
2.322 (3) A. The bonds from each olefinic carbon atom to its fluoro substituent are unusually long at 1.426 (13) and 1.437
(12) A. The chemical shift in the !°F NMR spectrum of these two fluorine nuclei is much further upfield in the complex
than in the free olefin; the chemical shift of the CF; resonances does not change greatly upon formation of the complex, and
these groups are of normal geometry in the complex. The binding energy of the Pt 4f;/; electrons in
Pt[CF3CFCFCF3][P(CgHs)3]2 s 1.0 eV higher than in the analogous 4,4’-dinitro-trans-stilbene complex and is close to that
in PtClo[P(CgHs)3]2. These results were interpreted to mean that considerable electron density is transferred from platinum
to the olefinic fluoro substituents upon formation of the complex. Since the general characteristics of fluoro substituents are
such that this electron transfer would be through molecular orbitals of A symmetry, then the Dewar-Chatt-Duncanson
model for the bonding in olefin-metal complexes is inappropriate.

Olefins interact to varying degrees with transition metal
compounds, in some cases forming isolable complexes in
which the structure and properties of the olefin moiety are
modified, with the result that the reactivity of the olefin
toward additional reagents is also modified. In order to de-
sign transition metal compounds that might confer unusual
reactivity upon olefins, it is necessary to determine the
changes in olefin geometry that occur upon interaction with
a metal. The class of compounds of general formula
Pt[L][P(CsHs)3]2, where L is an olefin, is suitable for a
systematic study of the geometry of olefins in stable com-
plexes because a wide range of olefins form such com-
plexes? and also because steric constraints are not imposed
upon the olefin by the rest of the molecule. In the first
paper* of a series from this laboratory in which the struc-
ture and properties of selected olefin-bis(triphenylphosphi-
ne)platinum complexes are to be reported, the olefin was

4 ,4/-dinitro-trans-stilbene, chosen because it forms a very
stable complex?? and because the substituents upon the ole-
fin are powerfully electron withdrawing in a w-fashion. In
the complex, the olefin substituents manifestly utilize their
electron-withdrawing ability to the maximum extent possi-
ble, since the planes of the 4-nitrophenyl substituents are
perpendicular to the plane defined by the platinum and ole-
finic carbon atoms, in spite of the fact that this orientation
is relatively unfavorable in terms of intraolefin contacts.
The separation of the olefin carbon atoms was 1.42 (2) A in
this complex, which is among the shortest observed in this
type of compound. Several other complexes of this general
formula have been the subject of X-ray diffraction experi-
ments,>~10 but relatively few of the reported structures are
of high precision; the present studies were undertaken to de-
fine more clearly the relationships between the steric and
electronic effects of the olefin substituents and the structure
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