B GENEVE

Article scientifique 2006 Published version

This is the published version of the publication, made available in accordance with the publisher’s policy.

EPR and DFT studies of the one-electron reduction product of
phospholium cations

Adkine, Prashant Madhukar; Cantat, Thibault; Deschamps, Eliane; Ricard, Louis; Mézailles, Nicolas;
Le Floch, Pascal; Geoffroy, Michel

How to cite

ADKINE, Prashant Madhukar et al. EPR and DFT studies of the one-electron reduction product of
phospholium cations. In;: PCCP. Physical chemistry chemical physics, 2006, vol. 8, n° 2, p. 862—-868. doi:
10.1039/b513736p

This publication URL:  https://archive-ouverte.unige.ch/unige:3632
Publication DOI: 10.1039/b513736p

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.


https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:3632
https://doi.org/10.1039/b513736p

PAPER

www.rsc.org/pccp | Physical Chemistry Chemical Physics

EPR and DFT studies of the one-electron reduction product of

phospholium cations

Prashant Adkine,” Thibault Cantat,” Eliane Deschamps,b Louis Ricard,”
Nicolas Mézailles,” Pascal Le Floch*® and Michel Geoffroy*“

Received 27th September 2005, Accepted 7th December 2005

First published as an Advance Article on the web 19th December 2005

DOI: 10.1039/b513736p

Cyclic voltammetry and EPR spectroscopy show that cationic phospholium groups are good
electron acceptors whose reduction leads to a neutral radical where the unpaired electron is
mainly delocalized on the carbon atoms of the five-membered ring. DFT calculations together
with the crystal structure of phospholiums indicate that the electron addition causes a drastic
diminution of the exocyclic CPC angle. The SOMO of reduced phospholium is compared to the

SOMO of the phosphole radical anion.

1. Introduction

Intense efforts are currently underway to find new chemical
groups able to accept an additional electron and to transmit it
to another part of the molecular assembly. This implies that
this group must possess at least three properties: (1) has an
accessible reduction potential; (2) has delocalized frontier
orbitals; (3) is reasonably stable in both states. Unsaturated
systems with a low coordinated phosphorus atom possess
some of these properties.! Their low energy m* orbital can
easily accommodate an extra electron and can conjugate with
neighbouring multiple bonds. However, the resulting radical
anion often tends to capture a proton (e.g. from solvent) and
to irreversibly lead to secondary reaction products.”> Another
possibility is to start from a molecule containing a positively
charged tetracoordinated phosphorus atom. Such systems are
robust and are expected to easily accept an extra electron to
give a neutral reduction product: a phosphoranyl radical. This
radical, however, presents two disadvantages: (1) its stability is
still rather modest; (2) it strongly localizes the unpaired
electron in a non-bonding equatorial orbital of the phos-
phorus atom which adopts a trigonal bipyramid coordina-
tion.> In an attempt to find a way to overcome these difficulties
we have investigated the redox behaviour of phospholiums,
prompted by early results obtained by Buck et al. in 1970 with
2,2’-biphenylenediphenyl phosphoniums (I*).*
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These authors reported that the reduction of 2,2’-biphenyl-
enediphenyl phosphoniums led to radicals that were localized
on the benzene rings of the biphenyl ligand; this effect was
attributed to the high electron affinity of the biphenylene
system. The role of this ligand seemed to be confirmed by
the failure to detect any EPR signal with a phospholium
containing no benzo groups.’ It is possible, however, that this
spin delocalisation results rather from the incorporation of the
positively charged phosphorus atom inside an unsaturated
five-membered ring whose constraints prevent the phosphor-
anyl radical from adopting its trigonal bipyramid structure
(Scheme 1). If this is the case, most phospholium systems
should, after reduction, delocalize their unpaired electron in
the butadienyl moiety, giving rise to a stabilized radical as
suggested by several mesomeric structures.

In the present study, in order to check the pertinence of this
hypothesis, we first investigate the one-electron reduction of
A1" and A2"—two phospholiums whose stability of the
reduction compounds cannot result from the presence of the
biphenylene ligand.
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Geometrical parameters of these molecules, obtained by sol-
ving their crystal structures, have been used to verify the relevance
of the DFT predictions. The objective of this EPR/DFT study is
three-fold: (1) determination of the electronic configuration of
neutral radicals derived from phospholium systems; (2) evaluation
of the structural changes provoked by this one-electron reduction
process; (3) assessment of the role played by the aromatic
substituents linked to the carbon atoms of the phospholium ring.
Attention is also paid to the differences in the reduction behaviour
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of phospholes (B) and phospholiums.®
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In particular, the participation of the phosphorus orbitals to
the SOMO of the neutral radical formed from phospholium is
compared to the contribution of these orbitals to the SOMO
of the corresponding phosphole radical anion.
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Scheme 1

2. Results

2.1. Crystal structures

Crystal structures have been determined for A1" and A2*.
For the sake of comparison with a system containing the
biphenylene ligand, the crystal structure of A3™ has also been
measured. Views of these structures are shown in Fig. 1
together with some geometrical parameters.

2.2. Electrochemistry

The voltammogram of Al1" exhibits a reversible reduction
wave at —1397 mV, while A2" undergoes two reversible
reductions at —745 and —1420 mV vs. SCE (Fig. 2). For
A3" a reversible reduction wave is observed at —1500 mV.

Reductions of phospholes are more difficult, a reversible
wave is observed at —1835 mV for B1, at —1915 mV for B2
and at —2250 mV for B3. For this latter compound two small
irreversible waves—probably due to impurities—were also
detected at —1250 and —1750 mV.

2.3. EPR experiments

Electrochemical reduction of a solution of A1* in CH,Cl, at
room temperature or at 200 K led to a well-resolved EPR
spectrum centred at g = 2.0037 (Fig. 3). The hyperfine
structure results from a coupling of 5.5 G with eight equivalent
protons and from a coupling of 21.0 G attributed to *'P. No
colour change was observed upon reduction.

Electrochemical reduction of a solution of A2" in THF at
room temperature or at 200 K led to an EPR spectrum (g =
2.0036) whose hyperfine structure is due to a coupling of 4.6 G
with two equivalent protons and to a coupling of 22.7 G with a

3P nucleus. During the reduction process, the colour of the
solution turns from orange to red.

A colorless solution of A3™ in THF became yellow during
electrochemical reduction. Although no EPR signal was ob-
served at 300 K, a doublet (Ajo C'P) = 13.9 G) of triplets
(Ao ("H) = 3.6 G), centred at g = 2.0038, was clearly
detected at 200 K. The line shape of the triplet reveals the
presence of unresolved additional couplings. This spectrum is
consistent with the *'P hyperfine splitting reported in ref. 4
after reaction of A3" with potassium, although, the triplet
remained unresolved in this early work.

With the three phospholiums A1", A2*, A3" we could
record good quality spectra by reduction with Na naphthale-
nide or by contact of the solution with a potassium mirror at
200 K. The resulting spectra were identical to those produced
by electrochemical reduction. These spectra could also be
detected at 300 K, but their intensity rapidly decreased at this
temperature. The EPR parameters measured for the three
phospholiums are reported in Table 1.

In order to assess to what extent the electron acceptor
properties of these phospholiums differ from those of phosp-
holes, measurements and calculations were also performed on
the three compounds B1, B2, and B3 although their EPR
spectra have already been reported after reduction with

potassium.%’
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Electrochemical reduction of B1 and B2 lead to parameters
(Table 1) which are similar to those reported in ref. 6. For B3,
the earlier study, carried out by reduction with potassium,
mentioned couplings of 2.4 G with two equivalent protons and
a *'P coupling of 8.5 G.” As shown below, these couplings do
not agree with the DFT predictions for B3~. We could record
a spectrum similar to the one reported in ref. 7 by adjusting the
potential just above the small irreversible reduction wave (E =
—1750 mV) (vide supra). However, by fixing the potential just
above the intense reversible reduction wave (—2250 V), the
spectrum described in Table 1, characterized by a larger *'P
splitting, was immediately observed.

In contrast with phospholiums, we did not obtain a clear
EPR response by electrochemical or chemical reduction of
phospholes at room temperature; at 200 K, however, spectra
were readily observed. Electrochemical reduction caused a
change in the colour of the solutions, which turned from
yellow to violet.

2.4. DFT calculations

2.4.1. Phospholiums. Geometry optimizations have first
been carried out on the phospholium model 1*, which bears
no substituent, and on the corresponding one-electron

This journal is © the Owner Societies 2006
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Fig. 1 View of one molecule of A1" (a), A2™ (b) and A3™ (c) (ellipsoids set as 50% probability). The hydrogen atoms and co-crystallized solvent
molecules are omitted for clarity. Selected bond lenghts [A] and angles [*]: a) for A17: P1-C2 1.775(4), C2-C3 1.355(6), C3—C4 1.487(6), C4-C5
1.380(6), C5-P1 1.782(4), P1-C6 1.787(5), P1-C7 1.791(3), C2-P1-C5 94.5(2), C6-P1-C7 110.1(2); b) for A2*: P1-C2 1.800(4), C2-C3 1.348(6),
C3-C4 1.462(6), C4-C5 1.348(5), C5-P1 1.798(4), P1-C6 1.775(3), P1-C7 1.786(4), C2-P1-C5 95.5(2), C6-P1-C7 112.5(2); c) for A3": P1-C2
1.789(2), C2—C3 1.398(3), C3-C4 1.483(3), C4-C5 1.404(3), C5-P1 1.795(2), P1-C6 1.785(2), P1-C7 1.788(2), C2-P1-C5 94.0(1), C6-P1-C7

109.2(1).
reduction product 1°.
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For both systems the ring is planar. Addition of an electron
hardly modifies the intracyclic C2PC5 angle, but affects the
value of the exocyclic HOPH7 angle that decreases from 106.1
to 96.6°.

For the three phospholiums—Al1", A2* and A3"—the
optimized geometries and the crystal structures present the
same features (Table 2): the five-membered rings are practi-
cally planar, the intracyclic bond angle C2PCS5, close to 95°,
are quite smaller than the exocyclic bond angle C6PC7 close to
110°. Two additional angles are useful to describe the geome-
tries of these systems (Fig. 4): (1) the {; angle formed by the
normal n; to the C2PC5 plane and the normal n, to the
CmcPC7 plane, (2) the {, angle formed by the phenyl ring
linked to the phosphorus atom and the normal n, to the
CmPC7 plane.

For the four optimized structures (1*, A(1-3) "), the {; angle
which characterizes the coordination geometry of the phos-
phorus atom, is close to 90° and the CyPC7 plane practically
lies in the bisector of the C2PC5 angle.9 The values of {, close
to 0° for the four optimized structures, indicate that the phenyl

A
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Fig. 2 Voltammogram obtained at room temperature with a solution
of A2" in THF.

ring bound to the phosphorus atom also lies in the bisector of
the C2PCS5 angle. Probably due to strong matrix effects, this
property is not observed in the crystal structure of A3 ({, =
52°). One-electron reduction affects neither the value of the
C2PCS5 angle nor the planarity of the phosphorus-containing
ring. Moreover, for the four neutral radicals, the {; angles
remain close to 90°, as for the cationic precursor. However,
appreciable modifications are observed for the {, angle and the
CMmePC7 angle. As indicated by the Mulliken charges analysis,
in the reduced phospholiums the partial positive charge borne
by the phosphorus atom is balanced by a negative charge
delocalized on the “‘butadienyl” system.

The 'P and 'H isotropic coupling constants predicted by
DFT for the three radicals A1°, A2°, A3°. are shown in Table
3. They lead to an excellent simulation of the EPR spectra.

2.4.2. Phospholes. As shown by the optimized parameters
reported in Table 4—for B1, B2, B3—the phosphole ring
slightly deviates from planarity (C4C3C2P ~ 6°) and the
phosphorus coordination is pyramidal (sum of the phosphorus
bond angles smaller than 360°). For B1 and B3 the phenyl ring
linked to the phosphorus atom lies in the bisector of the
C2PC5 angle. Although the C2PC5 angle is not affected by
the addition of an electron, the pyramidality of the phos-
phorus is more pronounced in the radical anion than in the
neutral species. Moreover, the reduction is accompanied by an
increase in the C2-C3 (and C4-C5) bond lengths and a
decrease in the C3—C4 bond length.

i

3420 3440 3460 3480 3500 3520
Magnetic Field (gauss)

Fig. 3 EPR spectrum obtained by electrochemical reduction of a
solution of A1" in CH,Cl,, at 200 K.
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Table 1 Experimental EPR parameters®

Precursor g-value Aio CP) Aio (‘H)?

Al" 2.0037 21.0 5.5 (x8)

A2” 2.0036 22.7 4.6 (x2), 1.5 (x6)

A3" 2.0038 13.9 3.6 (x2), 1.20 (x2), 0.90 (x2)

Bl 2.0027 28.5 2.8 (x2), 2.3 (x2), 2,0 (x2), 1.8 (x2), 0.8 (x2)
B2 2.0024 18.0 2.0 (x2), 1.8 (x2), 1.7 (x2), 0.5 (x2)

B3 2.0025 19.6 4.5 (x2), 2.0 (x2), 1.4 (x2)

'Some of the "H couplings were not resolved but were used to fit the line shape.” Values in Gauss; only the absolute values of the coupling
constants are known. ® Values in Gauss; in parentheses: number of equivalent protons.

Table 2 Geometrical parameters” for phospholiums and corresponding radicals

C3-C4 C2-C3 C2-P C2PC5 C6PC7 C4C3C2P &b &
1" 1.487 1.347 1.796 95.7 106.1 0.0 90.0
1° 1.421 1.398 1.751 96.6 96.6 0.0 90.0
Al* Crystal 1.487 1.367¢ 1.778¢ 94.5 110.1 3.8 92.3 1.7
DFT 1.514 1.351 1.796 93.6 110.8 0.2 90.1 1.8
Al DFT 1.435 1.400 1.755 95.0 102.5 1.1 92.2 417
A2t Crystal 1.462 1.348¢ 1.800° 95.5 1125 0.7 92.2 6.8
DFT 1.461 1.362 1.825 95.6 111.4 0.2 90.1 0.1
A2 DFT 1.407 1.408 1.785 96.5 105.6 0.3 92.5 15.0
A3* Crystal 1.483 1.401¢ 1.792° 94.0 109.2 3.0 91.6 524
DFT 1.481 1.414 1.802 93.7 110.3 1.2 90.0 0.0
A3 DFT 1.440 1.446 1.763 94.3 103.5 0.8 90.0 0.2

“ Bond lengths in A, angles in degrees. ? &,: angle between the normal to the C2PC5 plane and the normal to the C6PC7 plane. ¢ &,: angle between
the normal to the C6PC7 plane and the normal to the plane of the phenyl ring bound to the phosphorus atom. ¢ Average value (C2-C3),

(C4-C5). ¢ Average value (C2-P), (C5-P).

The calculated isotropic coupling constants for the three
phosphole anions (B1°~, B2°~, B3*") are reported in Table 3;
they are in good accordance with the experimental values.
They also indicate that B3*~ is indeed sufficiently stable to be
detected by EPR, and that its spectrum is different from the
spectrum previously observed after reduction with alkali
metal.’

3. Discussion

Although the data given in Table 1 and 3 indicate that the
absolute values of the 3'P couplings for the one-electron
reduction products of phospholiums and phospholes are all
comprised in the 14-28 G range, the stabilities of the two types
of radicals clearly differentiate the nature of these two species.
The phospholium derivative could be observed at room tem-

M
2\ R' Me
P N3
— 7
s\ ",
Rl

Fig. 4 Geometrical characteristics for the phospholium system: ny:
normal to the C2PCS5 plane, n: normal to the CyPC7 plane, ns:
normal to the phenyl ring. {; = angle formed by n; and n,, {, = angle
formed by n, and nj3.

perature whereas no signal could be detected with the phosp-
hole radical anion above 240 K. Moreover, as shown by cyclic
voltammetry, the reduction of phospholium is quite easier
than that of phospholes. There is therefore no doubt that the
EPR signals observed by reduction of (A1-3)* are due to the
corresponding neutral molecule and do not result from the
reduction of a phosphole associated to a degradation of the
phospholiums.

We will first examine the structural modifications induced
by reduction of the phospholiums. As shown by DFT calcula-
tions, addition of an electron to (A1-3)" leads to an elongation
of the C2—C3 (and C4-C5) bond lengths and to a shortening of
the C3—-C4 bond. The most drastic effect concerns the C6PC7
angle whose value appreciably decreases during the reduction
process (variation angle 4 = —8.3°, —5.8°, and —6.8° for Al,
A2, A3, respectively). These modifications are consistent with
the SOMO shown in Fig. 5.

In contrast with classical phosphoranyl radicals, the un-
paired electron is not centered on the phosphorus atom but is
delocalized in a ©* molecular orbital which is bonding between
C3 and C4 and between C2, P and C5. The decrease in the
C6PC7 angle improves the spin delocalization by allowing an
overlap of the C2PCS5 n system with a combination of the s
orbitals of the C6 and C7 atoms.'® However, as shown by the
{, angle, this sharpening of the C6PC7 angle causes steric
interaction between the methyl and phenyl groups and leads
the phenyl plane to deviate from the C2PCS5 bisector. The less
encumbered and flexible the phospholium system, the more
pronounced is this geometry change: {, increases from 1.8 to
41.7° for Al (no substituent in ortho position), from 0.1 to

This journal is © the Owner Societies 2006
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Table 3 DFT predictions of the isotropic hyperfine coupling constants (Gauss)

Aiso C'P) Aico ("H)/Gauss
Al* —~19.7¢ (5.8 [Me—C4J", 5.3 [Me-C3], —5.5 [C2-H], —5.3 [C5-H])*
-21.7° (5.6 [Me-C4J°, 5.4 [Me-C3J", —4.5 [C2-H], —4.4 [C5-H]Y
A2° —19.5¢ (—4.4[C3-H], —4.5 [C4-H], —1.8[para,2x]%, —1.6[ortho,2x]%, —1.8 [ortho,2x]%)"
—22.7 (—4.6[C3-H], —4.6 [C4-H], —1.7[para,2x]?, —1.5[ortho,2x]%, —1.6 [ortho,2x]%"
A3 —13.14 (=3.6 [para to C2 or C5], —1.2 [para to C3 or C4], —1.1 [ortho to C2 or C5])*“
—14.3° (=3.4 [para to C2 or C5], —0.8 [para to C3 or C4], —1.5 [ortho to C2 or C5])*
B1*~ 24.5¢ (=2.6 [C4-H, C3-H], —2.4 [ortho,2xY, =2.2 [ortho,2xY, —3.2 [para,Zx];)“
B2~ 18.6¢ (=23 [C3-H, C4-H], —2.5 [ortho,2xY, —=2.2 [ortho,2xY, —3.4 [para,2xY,—1.0 [methyl])*
B3~ 22.44 (—5.5 [para to C4 or C3], 1.3 [ortho to C2 or C5], —1.7 [ortho to C3 or C4])*“

@ 6-31G* for neutral species, 6-31+G* for radical anions. * IGLO-III. ¢ Average value for the methyl protons. 4 Phenyl rings bound to C2 and
C5. ¢ Protons of the benzo rings; the coupling with protons in ortho position to C3 or C4 is less than 1 G./ Phenyl rings bound to carbons C2 and
C5, couplings for protons in meta are less than 1 G. ¢ Protons of the benzo rings.

Table 4 Optimized structures” of neutral phospholes and phosphole radical anions

C3-C4 C2-C3 C2-P C2PC5 C2PR C4C3C2P XCPC ,-”
B1 1.444 1.367 1.832 91.2 105.1 6.4 301.4
B1*~ 1.403 1.408 1.840 91.5 102.6 2.3 296.6
B2 1.444 1.368 1.829 91.2 103.6 6.0 301.5
B2*~ 1.402 1.407 1.839 91.5 101.3 1.3 294.1
B3 1.472 1.414 1.841 89.1 103.4 4.4 295.9
B3~ 1.424 1.451 1.832 89.2 102.3 2.1 293.8

“ Bond lengths in A, angles in degrees. * Sum of the phosphorus bond angles.

15.0° for A2 (phenyl groups in ortho position) and remains
practically equal to zero in A3 (benzo groups). This effect
explains, at least in part, why, despite the high electron affinity
of the diphenylene ligand, A3" (Eijp, = —1500 mV) is more
difficult to reduce than A1" (E1p = —1397mV): the rigidity of
the dibenzo moieties hinders reorientation of the phenyl ring
by preventing its rotation around the P-C7 bond. In A2, this
reorientation is less hindered since the phenyl rings in ortho
position can rotate around the Coriho~Cphenyr bond.

AT Y A2

It is interesting to compare the electronic configuration of
the neutral radical formed from phospholiums with that of
phosphole radical anions. The SOMO of these latter species
are shown in Fig. 6.

The spin is mainly delocalized on the five-membered ring.
As for the reduced phospholium A2* the orbital is bonding
between C3 and C4; for B1°~ and B2*~, however, a bonding
interaction occurs between C2 (or C5) and the carbon of the
adjacent phenyl and not between C2 (or C5) and the

A3

L} L

Fig. 5 SOMO of the neutral radicals resulting from reduction of phospholiums.

B1"™

B2

Fig. 6 SOMO of phosphole radical anions.
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phosphorus atom. For B3°", the orbitals of the dibenzo
noticeably contribute to the SOMO. These properties are in
accordance with the bond-length changes provoked by the
electron addition (vide supra, DFT results).

4. Concluding remark

The phospholium system is an efficient electron acceptor, its
reduction leads to a neutral radical delocalized on the five-
membered ring with a modest spin density on the phosphorus.
In contrast with the rather unstable phosphole radical anion,
this neutral radical is observed at room temperature. Investi-
gations are currently in progress for incorporating phospho-
liums as a reduction site inside an unsaturated system able to
delocalize the spin.

5. Experimental
5.1. Syntheses

Phospholiums and phospholes were prepared according to
reported procedures. For A1", A2%, A3" see ref. 11-13,
respectively; for B1, B2 and B3 see ref. 14-16, respectively.

5.2. Crystal structures

Crystals of A1* were obtained by diffusing hexanes in a
solution of the compound in dichloromethane. Crystal data
for A17: C;3H,¢P,ILH,O; M, = 348.14; orthorhombic; ¢ =
14.3540(10), b = 11.2070(10), ¢ 17.5480(10) AV o=
2822.9(4) A3; T = 150.0(1) K; space group Pbca;, Z = 8;
uw = 2.362 cm!; 6621 reflections measured, 3641 unique, 2698
used reflections, criterion I > 2d(I); Ry, = 0.0199; wR2 =
0.1421. Crystals of A2* were obtained by diffusing hexanes in
a solution of the compound in dichloromethane. Crystal data
for A2": 3(Cy3H,P),CH,Cly,3(1),H,0; M, = 488.57; mono-
clinic; @ = 10.6360(10), b = 17.2400(10), ¢ = 34.9150(10) A;
B = 96.6600(10)°; V' = 6359.0(7) A3; T = 150.0(1) K; space
group P2i/n; Z = 12; p = 1.677 cm™'; 25 001 reflections
measured, 16 138 unique, 11 615 used reflections, criterion / >
26 (I); Ry = 0.0240; wR2 = 0.1188. Crystals of A3 were
obtained by diffusing hexanes in a solution of the compound
in dichloromethane. Crystal data for A3": C,oH;¢P,CH,Cl,,1;
M, = 487.11; monoclinic; a = 19.0070(10), b = 10.6970(10),
¢ = 20.4380(10) A; p = 104.5700(10)°; V = 4021.8(5) A T =
150.0(1) K; space group P2,/n; Z = 8; = 1.937 cm™!; 20481
reflections measured, 11 713 unique, 8815 used reflections,
criterion I > 20 (I); Ry, = 0.0212; wR2 = 0.0750. CCDC
reference numbers 276879 (A17), 276878 (A2¥) and 276880
(A3™). For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b513736p

5.3. Electrochemistry, EPR

Cyclic voltammograms have been obtained with a BAS station
model CV-50W. Carefully dried CH,Cl, or THF were used as
solvents, tetra-n-butylammonium hexafluorophosphate (0.1
M) as supporting electrolyte. Measurements were carried out
using a 1 mm diameter platinum wire as working electrode and
counter electrode, and a SCE reference electrode.

EPR spectra were recorded on a Bruker 300 and a Bruker
200 spectrometer (X-band, 100 kHz field modulation)
equipped with a variable temperature attachment. Electroche-
mical reductions were performed in situ in the EPR cavity
using a three-electrode cell with a 0.1 mm Ag wire treated with
HCI/HNOj as pseudo reference.

54. DFT

DFT calculations were performed using the Gaussian 98
package.!” The hybrid functional B3LYP and the 6-31G*
basis set were used for the geometry optimizations.'®'® Hy-
perfine coupling constants for neutral radicals were calculated
with both the 6-31G* and the IGLO-III basis sets;? for
radical anions the 6-314+G* basis set was used.
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