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A stable galvinoxyl derivative (1) of benzo-15-crown-5 was prepared and the complex formation between the

spin labeled crown ether 1 and the alkali metal and ammonium salts was studied by the ESR technique.

Ex-

istence of the (2:1) complex of 1 with potassium, rubidium, and ammonium salts was confirmed by the observa-
tion of the triplet ESR spectra in ethanol rigid matrix at 77 K. Essentially the same g- and D-tensor values are

observed for all the (2:1) complexes, indicating similar conformation of the ligand molecule 1.

The zero-field

splitting parameters (D and E) are calculated on the basis of the spin distribution of 1 and the assumed molec-

ular structures for the (2:1) complex.

By comparing the observed D and E parameters with the calculated ones,

the structure of the (2:1) complex in ethanol rigid matrix is discussed. On the other hand, the sodium com-
plexes of 1 show a slightly asymmetric single line, suggesting the (1:1) complex formation between 1 and the so-
dium salts. No anions (SCN-, Br—, and I-) have any appreciable effect on the ESR spectra of both the (2:1)

and (1:1) complexes.

It is well known that the cyclic polyethers syn-
thesized by Pedersen form stable complexes with al-
kali and alkaline earth metal ions, both in solution
and in the solid state.l~® The stoichiometry of the
crystalline complexes depends on the relative size of
the “hole” in the cyclic polyether and of the cation.
For instance, benzo-15-crown-5 with a hole 1.7—2.2
A in diameter usually forms a (1:1) complex with
sodium (1.90 A in diameter), and (2:1) complexes
with the ions larger than the hole. Recently, we
have prepared a galvinoxyl derivative (1) of benzo-
15-crown-5 (i.e., galvinoxyl-benzo-15-crown-5 (1)) (see
Fig. 1) and studied the complex formation of the
spin-labeled crown ether (1) with NaSCN or KSCN
salt by using the ESR technique.® A triplet ESR
spectrum has been observed for the KSCN complex
of 1 in ethanol rigid matrix at 77 K, indicating the
formation of a sandwiched dimer. On the other hand,
the result of ESR measurement of the NaSCN complex
suggested a (1:1) complex formation between 1 and
NaSCN.

In the present paper, in order to obtain further
information on such complex formations, we have
measured ESR spectra of the complexes of 1 with
eight kinds of salts in ethanol rigid matrix. Typical
triplet ESR spectra have been observed for the K+,
Rb+, and NH*, complexes of 1, clearly showing the
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Fig. 1. Molecular structure of gaivinoxyl-benzo-15-
crown-5 (1).

(2:1) complex formation between 1 and the salts.
The zero-field splitting (ZFS) parameters (D and E)
were calculated for the assumed molecular structures
by using McLachlan’s spin densities of 1 which is
a monoradical half of the sandwiched dimer. On
the basis of these data, the structure of the (2:1) com-
plex has been discussed. Solvent effect on the struc-
ture of the (2:1) complex has also been studied. On
the other hand, the sodium complexes of 1 showed
a slightly asymmetric single line, suggesting the (1:1)
complex formation between 1 and the sodium salts.
Three anions, SCN—, Br—, and I-, used in this study
have been found to have little effect on the spectral
characteristics of either the (2:1) or the (1:1) complex.

Experimental

The phenol precursor of 1 was synthesized by conden-
sation of 2,6-di-t-butylphenol (2.06 g) with 4’-formylbenzo-
15-crown-5 (2.96 g) in KOH (0.66 g)—ethanol (30 cm3) so-
lution under a nitrogen atmosphere at 30 °C, as described
in a previous paper. An orange crystal of the phenol
precursor showed a melting point 209—211 °C (softens at
176 °C): Found: C, 74.13; 8.749%,. Calcd for C ,Hg,0;:
C, 74.97: H, 8.78%. UV and visible (C,H,OH) 276 (e
18500) and 434 nm (e 30200); NMR (CCl,) §=1.23 (18H,
s, tBu, ring A), 1.43 (18H, s, ¢{Bu, ring B), 3.5—4.2 (16H,
m, -CH,-), 5.37 (1H, s, OH, ring A), 6.70—6.82 (3H, m,
ring C), 7.00 (2H, s, aromatic H, ring A), and 7.08 (2H,
s, aromatic H, ring B).

Compound 1 was prepared by oxidation of the above
phenol precursor with alkaline potassium hexacyanoferrate-
(IIT) in diethyl ether solvent under a nitrogen atmosphere,
with the temperature kept between 0—D5 °C. Compound
1 was isolated as a stable dark brown crystal from the etherial
solution: UV and visible (C,H;OH) 280 (¢ 17000), 388
(¢ 18400), and 455 nm (¢ 49500).

The magnetic susceptibility of 1 was measured in the
temperature range 55—300 K. The data have been cor-
rected for the diamagnetic contribution of y4;,=—0.437 X
102 emu/mol calculated by Pascal’s method. The suscep-
tibility follows the Curie-Weiss law, with a paramagnetic
Curie constant of 0.369+0.010 K-emu/mol and a Weiss
constant of —2+3 K. The radical concentration of 1 cal-
culated from the above Curie constant is 989,. All the
ESR spectra were measured in a sealed, degassed system.
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TABLE 1. D- AND g-TENSOR VALUES OF THE COMPLEXES OF 1 WITH SEVERAL SALTS IN ETHANOL AT 77K
Salt Complex l—%i) Eg)- & gyy Sxx gav®

KSCN 2:1 76.2 8.9 2.0032 2.0052 2.0072 2.0052
KBr @2:1) 76.4 8.8 2.0030 2.0049 2.0069 2.0049
KI 2:1) 75.9 8.7 2.0029 2.0049 2.0073 2.0051
RbI 2:1) 76.4 8.8 2.0028 2.0048 2.0067 2.0048
NH,SCN @2:1) 76.2 8.6 2.0029 2.0050 2.0066 2.0048
NaSCN 1:1

NaBr 1:1) } a slightly asymmetric single line (AHp~6.6 G)

Na,SO, (1:1)

a) The experimental errors in the values of |D| and |E| are £0.3G.1G=10-*T. b) The experimental errors

in the values of gy, gyy, £ and g,; are +0.0002.

(a) (b)
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Fig. 2. ESR spectrum of the KI complex of 1 in

ethanol at 77 K; (a) Amg==1 transition and (b)
Amg==*2 transition.

Results and Discussion

Ethanol Rigid Matrix ESR Specira of the Alkali Metal
Complexes of 1. An ethanol solution of 1 (3.0X
10-3 mol dm=3) containing equimolar KI salt clearly
shows three pairs of absorption lines with the same
order of intensity at 77 K, as shown in Fig. 2(a). A
slightly asymmetric central line with a width of about
6.0G (1G=10*T) at g=~2.005 shows a shape es-
sentially the same as that of the metal-free 1 (AH_ =
6.5G and g=2.005), and the relative intensity of
this central line changes depending on the ratio of
the potassium salt to 1. Therefore, this line is at-
tributable to the metal-free 1 and/or the (1:1) complex
between 1 and KI. The three pairs of absorption
lines apparently represent zero-field splittings arising
from the intermolecular spin-spin dipolar interaction
of two electrons in a triplet state. In fact, the for-
bidden transition (Am,==x2) was observed at about
1638 G, as shown in Fig. 2(b). These results clearly
indicate the (2:1) complex formation between 1 and
KI.

The spin Hamiltonian for the triplet radical pair
may be expressed by

H=pH-g.8 + S-D.S 1
= ﬂH-y‘-S - Xsz - YSy2 - ZS12: (2)

C) Zav= I/S(gxx+gyy+gzz)'

X Y’ z’
z Y X
—
206G
Fig. 3. ESR spectrum of the RbI complex of 1 in

ethanol at 77 K.

where gA is g tensor, D is the fine structure tensor with
principal values of —X, —Y, and —Z, and the other
symbols have the usual meanings. The separations
(ZZ', YY', and XX') between the three pairs of absorp-
tion lines in the spectrum of the KI complex are 151.8
+0.6, 102.0£0.6, and 49.8£0.6 G, respectively, so the
ZFS parameters, |D| and |E|, were evaluated as
75.9%£0.3 and 8.7%0.3 G, respectively, by the meth-
od of Wasserman et al.%) Assuming that the principal
axes of the D- and g-tensors are coaxial, g-tensor
values have been estimated from the positions of three
pairs of turning points (ZZ’, YY’, and XX').5®) They
are g,,=2.0029+0.0002 (Z, Z'), g,,=2.0049:0.0002
(Y, Y'), and g,.=2.0073£0.0002 (X, X').

First, the effect of the negative ions on the struc-
ture of the KI complex of 1 was examined. The
ESR spectra of both the KBr and KSCN complexes
of 1 in ethanol at 77 K are similar to that of the KI
complex of 1, and the observed D- and g-tensor values
of these (2:1) complexes are summarized in Table 1.
Live and Chan? have measured the proton NMR
spectra of some crown ethers and their alkali metal
complexes in organic solvents, and studied the solu-
tion structure of the “crown’ cyclic polyether rings
in detail. They observed the variation in chemical
shifts of ether protons with anions (I-, SCN-, and
ClO—,), and concluded that the difference in the
shifts is due to the ion-pair formation. However, as
it is clear from the results shown in Table 1, the vari-
ation in ZFS parameters with anions is almost neg-
ligible in the present (2:1) complexes. The result
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indicates that the ion pairing is unimportant in deter-
mining the structure of the (2:1) complex.

Second, the effects of the positive ions on the com-
plex formation and on the molecular structure of the
complex were studied. The ESR spectrum of the
RbI complex of 1 in ethanol rigid-matrix at 77 K
shows a shape essentially the same as that of the KI
complex (see Fig. 3), except for the difference in the
central signal intensity, indicating the (2:1) complex
formation. The ZFS parameters (D and E) and g-
tensor values have been estimated from the positions
of the three pairs of turning points (ZZ’, YY’, and
XX'), as performed for the KI complex of 1. These
values are |D|=76.4+0.3G, |E|=88+03G, g,=
2.0028+0.0002, g,,=2.0048+0.0002, and g,,=
2.006740.0002. The ethanol rigid-matrix ESR spec-
trum of the NH,SCN complex of 1 is also quite similar
to that of the KI complex of 1, giving the ZFS para-
meters of |D|=76.2+0.3G and |E|=8.6%0.3G.
The ZFS constants are the same for all the (2:1) com-
plexes of 1 examined in the present work. We can
then conclude that the same molecular conformation
persists in all the (2:1) complexes studied. On the
other hand, the solution of 1 (3.0Xx10-3 mol dm=3)
containing the equimolar NaSCN salt shows a slightly
asymmetric single line with a width of 6.6 G located
at g=~2.005 at 77 K, unequivocally suggesting (1:1)
complex formation between 1 and NaSCN. Further,
by changing the anion of Na salt from SCN- to Br-
and SO,2~ in the ethanol solution, no detectable
changes were observed in the ESR spectra (see Table
1).

The Structure of the (2:1) Complexes of 1 with K, Rb,
and NH, Salis. The crystal structure of a (2:1)
complex of benzo-15-crown-5 with potassium iodide
has been investigated by Mallinson and Truter.®)
The crystal system of the complex is tetragonal with
a space group of P4/n and with lattice constants of
a=b=17.84, ¢=9.75 A, and z=4. The complex ca-

tion has crystallographic symmetry 1, the potassium
being ‘sandwiched’ between the two centro-symme-
trically related ligand molecules. In each of these,
the five ether-oxygen atoms are approximately
coplanar, the cation lying 1.67 A away from this
plane, so that the ten oxygen neighbors form a pen-
tagonal antiprism. The benzo-group is nearly
coplanar with the oxygens, the greatest deviation being
0.11 A. If the KI complex of 1 takes a conformation
(hereafter referred to as the “frans” conformation)
similar to that of the benzo-15-crown-5 complex, the
interatomic distance between the central triphenyl-
methyl carbon atoms in the pair of 1 will become
about 13 A. A zero-field splitting of |D|=75.9G
has been observed for the KI complex of 1, as de-
scribed above. Consequently, the calculated average
interelectronic distance, using a model of two-point
dipoles (|D]|=(3/2)gBr %), is about 7.2 A. From com-
parison of these distances, the “trans” conformation
is not acceptable for the KI complex of 1. There-
fore, in order to clarify the structure of the (2:1) com-
plex of 1 with KI in ethanol rigid matrix, the cal-
culations of the D-tensor values were performed for
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(a) A-Atype g

Fig. 4. Molecular structures and the coordinate sys-

tems chosen for “cis”

plex of 1.
(a) A-A type, (b) A-B type.

conformation of the K com-

the assumed structure of the complex, using
McLachlan’s spin densities of 1 which is considered
to be a monoradical half of the (2:1) complex.®-10

For the KI complex of 1, we can expect two pos-
sible structures, (i) and (ii), in which each mono-
radical half is considered to have a planar structure,
as a whole molecule. These two structures, (i) and
(i), are shown in Fig. 4 and named as “A-A type”
and “A-B type” structures, respectively. Thus, as a
most plausible case, the D-tensor values were cal-
culated, assuming that the interplanar spacing be-
tween the two monoradical halves is 3.34 A and varying
the rotation angles 0,_, and 0,_;. The coordinate
systems (x, y, and z) chosen for both the structures
are shown in Fig. 4, where 0=0° corresponds to a
planar “cis” conformation and 0=180° is a planar
“trans” conformer in each structure.

The orbital containing the unpaired electron of
phenylgalvinoxyl radical has, at least in the Hiickel
approximation, a node in the central phenyl ring;
in fact, the results of McLachlan MO calculation of
phenylgalvinoxyl'?) showed the exsistence of a very
small unpaired electron density (1.0—1.5%) in the
phenyl ring, and, further, an ENDOR study found
a small hyperfine splitting (¢*=0.207 G) for the phenyl-
ring protons.! In such a case, the unpaired elec-
tron distribution of 1 must be similar to that of phenyl-
galvinoxyl. In fact, the values of the hyperfine split-
tings (am=1.31%£0.02 G) of the meta ring protons
and the isotropic g, value (=2.0044%0.0001) of 1
show an excellent agreement with the corresponding
values (an=1.32+0.02 G, g,,=2.0044+0.0001) of
phenylgalvinoxyl.

The D-tensor components of the"dipolar splittings
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Fig. 5. The variation of the ZFS parameters |D|
and |E| as a function of the rotation angle 6,_,.

Broken lines represent the observed |D| (75.9 G)
and |E| (8.7G) values for the KI complex of 1.

can be calculated with the aid of the following equa-
tions:

Dum = (1/2)g%p* 33 0ip j(ris2— 3my®) [, (3)
i J
(m=x, vy, z)

Dyr = (1/2)g%6% 33 pip j(—3mygnig) 1y, 4)
i J

(m, n=x, y, z; but m+n)

where 7;; is the distance between the ¢ and j atoms,
and p, and p, are the McLachlan #-spin densities't)
on the i-th atom in one phenylgalvinoxyl group and
the j-th atom in the other phenylgalvinoxyl group,
respectively, in a (2:1) complex. Here we have used
the following bond lengths for the galvinoxyl group:
the G-O bond length is 1.27 A and the C-C bond
length is 1.40 A on the average, as obtained by an
X-ray analysis of the galvinoxyl radical.l® Atomic
coordinates of benzo-15-crown-5 are taken from its
KI complex reported by Mallinson and Truter.®)
Then, the resulting tensor was diagonalized, giving
the principal values (X, Y, and Z) and thus, the zero-
field splitting parameters, D and E.

Figures 5 and 6 show just how the ZFS parameters
D and E vary as a function of 6,_, and 0,_;, respec-
tively. In the case of A-A structure, the D parameter
varies with 0,_, from 192.3 G for 6, _,=0° to 3.9G
for 6,_,=180° and the E parameter from 19.3G
for 6,_,=30° to 0.1G for 60,_,=180° but the
dependence on the changes in 6,_, is not simple.
Similarly, in the case of A-B structure, the D and E
parameters vary with 6, 5 from 149.3 G (6,_,=—40°)
to 3.9G (0,_5=140°) and from 262G (0,_,=—60°)
to 0.1 G (0,_5=170°), respectively. By comparing
the observed D and E parameters (|D]=75.9G,
|E|=8.7G) with the calculated ones, agreements
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Fig. 6. The variation of the ZFS parameters |D| and
|E| as a function of the rotation angle 0,_g.

Broken lines represent the observed |D| (75.9 G)
and |E| (8.7G) values for the KI complex of 1.

were found for two cases of about 6,_,==+45° (|D|=
775G, |E|=9.1 G) in A-A structure, and in A-B
structure, for two cases of about 6, _,=0° (|D[=71.3
G, |E|=7.6G) and 0,_z=—20° (|D|=759G, |E|=
7.5 G).

Unfortunately, it is not possible to decide whether
the KI complex takes an “A-A” or “A-B” structure
because both the D and E values experimentally ob-
tained can be well explained by those calculated for
the above structures. Although the calculation pres-
ented here is of a very approximate nature for the
(2:1) complex of 1, the result has shown that the
“trans” conformation observed for the KI complex
of benzo-15-crown-5 by the X-ray analysis is im-
probable for the present KI complex of 1 in ethanol
rigid matrix. This is consistent with our previous
expectation. The results of the calculation of the
ZFS parameters suggest that the complex has a struc-
ture near to ‘“‘cis” conformation rather than “trans”
one, showing the overlap between two galvinoxyl
groups in the complex. It is probable that the van
der Waals interaction between two galvinoxyl groups
induces such a conformation.

As described in a previous section, 1 makes the
(2:1) complex with Rb and NH, salts as well. If
the Rb and NH, complexes of 1 also have a “‘sand-
wiched” structure with an alkali metal ion between
the two benzo-15-crown-5 rings, we can expect the
increase in the interplanar spacing between the two
crown ether rings, as the ion diameter increases from
K+ (2.66 A) to Rb+ (2.96 A) or NH+, (2.84 A). This
will induce the decrease in the ZFS parameter |D].
However, the |D| and |E| values observed for the
K, Rb, and NH, complexes remain constant, within
the limit of experimental error (see Table 1). As
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Fig. 7. ESR spectrum of the KSCN complex of 1
in 1,2-dichloroethane at 77 K.

TABLE 2. D- AND g-TENSOR VALUES OF THE KSCN
coMpLEX OF 1 IN SEVERAL SOLVENTS AT 77K

1D| |E]

Solvent rel G 8z 8yy 8xx 8av
Ethanol 76.2 8.9 2.0032 2.0052 2.0072 2.0052
2-Propanol 76.1 8.8 2.0029 2.0048 2.0069 2.0049
1-Butanol 76.9 8.8 2.0032 2.0052 2.0073 2.0052
1,2-Dichlo- 73.5 13.3 2.0029 2.0050 2.0072 2.0050

roethane

the results of the calculation of the ZFS parameters
indicate, the KI complex of 1 is thought to have a
structure close to “‘cis” conformation, in which the
galvinoxyl skeletons stack over one another. In such
a case, because of the overlapping of the bulky tertiary
butyl group, the real interplanar spacing between the
two crown ether rings will become larger than that
(3.34 A) reported for the KI complex of benzo-15-
crown-5.8)  Therefore, the cavity which exists between
the two polyether rings can accommodate the K+,
Rb*, and NH+*, ions without varying the intermo-
lecular distance between the two galvinoxyl group.
Thus, we can understand the experimental fact that
the ZFS constants are the same for all the (2:1) com-
plexes of 1.

Solvent Effect on the Structure of the Potassium Complex
of 1. In addition to the above van der Waals
interaction, the asymmetric environment due to fro-
zen solvent molecules may contribute to the change
in molecular structure found for the K complex of
1 in the low-temperature rigid matrix. Therefore,
solvent effect on the structure of the (2:1) complex
of 1 with KSCN has been studied. The solubilities
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of 1 and KSCN place some restriction on the choice
of solvents. For this reason, ethanol, 2-propanol, 1-
butanol, and 1,2-dichloroethane solvents could only
be used in the present study. In the KSCN complex
of 1, identical triplet spectra were obtained in frozen
ethanol, 2-propanol, and l-butanol solutions, while a
different triplet spectrum was obtained in frozen 1,2-
dichloroethane solution, as shown in Fig. 7. The
observed |D| and |E| values are summarized in
Table 2. The result indicates that the change in
conformation for the (2:1) complex is almost negligible
for the above alcoholic solvents. On the other hand,
the |D| (73.5G) and |E| (13.3G) values in 1,2-
dichloroethane are 2.7 G smaller and 4.4 G larger
than the corresponding ones in ethanol, respectively.
These results may be explained by assuming that the
rotation angle 6,_, or 0,_; varies several degrees in
1,2-dichloroethane solvent, as it can be seen from
the results shown in Figs. 5 and 6. It has been report-
ed that solvent molecules may play an important role
in fixing the conformation of the triplet molecules
in frozen solution.'®-1%) However, the present ex-
perimental results suggest that such a role of solvent
molecules is not notable in the (2:1) complex of 1.

We wish to thank Miss Yoshiko Kumamoto for
her kind help in the synthesis of 1.
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