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Abstract: The hexadentate macrocyclic 
ligands 1,4,7-tris( 3,5-dimelhyl-2-hydroxy- 
benzy1)-I ,4,7-triazacyclononane (LCH'H3), 
1.4,7-tris(3,5-di-terr- butyl-2-hydroxyben- 
zyl)-l,4,7-triazacyclononane (LR"H3) and 
1.4,7-tris(3-tert-butyl-5-methoxy-2-hydro- 
xybenzy1)-I ,4,7-triazacyclononane ( LOCH3-  

H,) form very stable octahedral neutral 
complexes LM"' with trivalent (or tetrava- 
lent) metal ions (Gall', Sc"', Fe"', Mn"', 
Mn'"). The following complexes have 
been synthesized: [LB"M], where M = Ga 
( l ) ,  Sc (2), Fe (3); [LB"MnlV]PF, (4'); 
[LUCH3M], where M = G a  ( l a ) ,  Sc (2a) ,  
Fe (3a); [L°CH3Mnrv ]PF, (4a'); [LCH3M], 
where M = Sc (Zb), Fe (3b), Mn"' (4b); 
[ L.'H3Mn'V], (CIO,), (H, 0)( H,O) (4 b') . 

An electrochemical study has shown that 
complexes 1, 2, 3, 1 a, 2 a  and 3a each 
display three reversible, ligand-centred, 
one-electron oxidation steps. The salts 
[L°CH3Fe")CI0, and [LorH3Ga"1]C104 
have been isolated as stable crystalline 
materials. Electronic and EPR spectra 
prove that these oxidations produce spe- 
cies containing one, two or  three coordi- 
nated phenoxyl radicals. The Mossbauer 
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Introduction 

A persistent, not coordinatively bound, tyrosyl radical has been 
unequivocally characterized in the active site of the R 2  subunit 
of the non-heme diiron enzyme ribonucleotide reductase from 
E.wherichiu coli.[I1 This organic radical is located in the vicinity 
of the 0x0-bridged diiron centre, approximately 5.3 8, away 
from the next nearest iron ion. The spin of this radical (S = 1 /2) 
is virtually uncoupled from the spins of the high-spin iron(m) 
ions, which are strongly antiferromagnetically coupled through 
a superexchange pathway within the F e - 0 -  Fe moiety. This 
ensemble has recently been successfully modelled by a low 
molecular weight compIex.r21 

In contrast, a coordinated tyrosyl radical has been discovered 
in the active form of the copper(i1)-containing fungal enzymc 
galactose oxidase.r3I Owing to  the strong intramolecular antifer- 
romagnetic coupling of the tyrosyl radical ligand with the un- 
paired electron of the Cu" ion (d'), the active form of the en- 

- manganese - 

spectra of 3 a and [3 a] + show conclusively 
that both compounds contain high-spin 
iron(rr1) central ions. Temperature-depen- 
dent magnetic susceptibility measure- 
ments reveal that 3 a  has an S = 5 /2  and 
[3a]+ an S = 2 ground state. The latter is 
attained through intramolecular antifer- 
romagnetic exchange coupling between a 
high-spin iron(ri1) (S ,  = 5/2) and a phe- 
noxyl radical ( S ,  = 1/2) ( H  = - 2JS,S,: 
J = - 80 cin- I ) .  The manganese com- 
plexes undergo metal- and ligand-centred 
redox processes, which were elucidated by 
spectroelectrochemistry ; a phenoxyl radi- 
cal MnJV complex [MnJVLoCH3J2 + is acces- 
sible. 

zyme is diamagnetic and, consequently, EPR-inactive. One- 
electron reduction of the active site yields an inactive form 
which displays an EPR spectrum typical for five-coordinate Cu" 
ions.[31 This form has been structurally characterized by X-ray 
cry~tal lography.[~~ Recently, a new enzyme containing a similar 
active site with a Cu"-coordinated tyrosyl radical has been de- 
scribed, namely, glyoxal oxidase from Phanerochaet chrysospo- 
rium .I5] 

The coordination chemistry of phenoxyl radicals bound to 
transition metal ions is not well developed,['] despite the fact 
that there are some intriguing problems concerning their elec- 
tronic structure. In principle, a one-electron oxidation of a tran- 
sition metal phenolato complex can be either metal- or ligancl- 
centred (Scheme I ) .  The question then arises whether the above 

Mn++=O-R a M ( n + l ) +  -Q-R or M"+-Q-R 

Scheme 1 .  One-electron oxidation of a transition metal phenolato complex. 
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two formulations are merely resonance structures of the same 
electronic ground state, o r  whether we are dealing with two 
distinct chemical species with different ground states and differ- 
ent physical and chcmical properties. 
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To address questions of this kind experimentally, we have 
invcstigated intensively octahedral transition metal complexes 
containing ligands of the type 1,4,7-tris(o-hydroxybenzyI)-l,4,7- 
triazacyclononane (LH,) ."3s1 We and others['% ''I have shown 
in the past that its trianionic form, [LI3-, generates extremely 
stable["% neutral complexes [ML] with a number of trivalent 
metal ions (Table 1). 

.pdbable 1. Complexes studied in this paper. 

R 
Lieands: I 

C;alll I l a  
SC"' 2 2 a  2b  
Fe"' 3 3a 3b 
Mn"' 4b 
Mn" 4' 4 a' 4b' 

As we will show here, suitable substituents at the ortlzo- and 
para-positions of the pendent o-hydroxybenzyl groups of [LI3 - 
facilitate one-electron oxididation to the corresponding phe- 
noxyl radicals. If the substituents are sterically bulky, the radical 
stability is increased to the extent that they become isolable and 
spectroscopically characterizable both in solution and in the 
solid state. 

We have recently characterized the neutral complex [LOCH3- 
Cr"'] and its one-electron oxidized form [L°CH3Cr"'jCI0, by X- 
ray crystallography. [L°CH3Cr"']+ has been shown to contain 
two coordinated phenolate groups and one coordinated phe- 
noxyl radical; the central metal ion is chromium(111) . [ l 3 I  

Results 

1. Syntheses: The reaction of 1,4,7-triazacyclononane with 
three equivalents of di-2,4-tert-butylphenol, 2-tert-butyl-4- 
methoxyphenol or 2,4-dimethylphenol with three equivalents of 
paraformaldehyde in methanol (Mannich reaction) afforded the 
pendent-arm macrocycles LBUH3, L°CH3H, and LCH3H3['I 
(Table 1) in satisfactory yields as colourless solids. By using 
(CD,O), and deuterated solvents (CH,OD, conc. DCL, D,O) 
the six benzylic protons of the ligands LR"H, and LoCH3H3 were 
quantitatively exchanged for deuterium atoms. 

The ligands reacted with one equivalent of GaCI, or Sc- 
C1;6H,O in refluxing acetonitrile, to which a few drops of 
triethylamine had been added, to give the neutral complexes 

[LM"'] (Table 1)-colourless 1, 1 a and colourless to pale yellow 
2, 2 a  and 2b. Complexes deuterated at the benzylic positions 
complexes [DJ-1 and [D,]-2 were obtained analogously by us- 
ing the deuterated ligands. Slow recrystallization of these com- 
plexes from hot CH,CN solutions produced crystals with two 
molecules of acetonitrile of crystallization per formula unit. The 
corresponding reactions with Fe'"(CIO,), .9 H,O in acetone or 
CH,OH produced crystalline red 3, 3 a  and 3b, respectively. 
Slow recrystallization from hot CH,CN again afforded the 
bis(acetonitri1e) species. The solvent molecules evaporated slow- 
ly on storage in air. For all subsequent spectroscopic and elcc- 
trochemical investigations, samples of the complexes dried in 
vacuo were used. 

A mixture of three equivalents of LCH3H, and [Mn'&- 
O)(CH,CO,),](CH,CO,) in acetone, to which a few drops of 
NEt, had been added, produced a deep green solution. Upon 
addition of water a green precipitate of [Mn"'LCH3j (4b) was 
obtained. Slow recrystallization from CH,OH yielded green 
crystals of4b.2CH30H, which were suitable for X-ray crystal- 
lography (see below). Acidification of a methanol solution of 4b 
with a few drops of concentrated HCIO, in the presence of air 
resulted in the precipitation of green microcrystals of [Mnlv- 

presence of the acidic proton was established by potentiometric 
titration of an aqueous solution of [4b'j(ClO,),(H,O)(H,O), 
with 0 . 1 0 ~  NaOH. 

Finally, one-electron oxidation of 1 a and 3a  dissolved in dry 
acetonitrile with one equivalent of [Ni'"(tacn),](ClO,), [14] 

(tacn = 1,4,7-triazacyclononane) afforded green microcrystals 
of [L°CH3Ga"']CI04 ([I aIC10,) and blue crystals of [L°CHIFe] 

LC~'31,(CI0,)3(H,0)(H,0)3 ([4b'],(CIO,),(H,O)(H,O),). The 

~10, ([3a1~10,) [Eq. (111. 

l a  (3a) + [Ni"'(tacn),](ClO,), 

[l a]C10,([3a]C104) + [Ni"(tacn)](ClO,), (1 1 

2. Crystal structures: The crystal structures of the ligands 
LB"H, and L°CH3H, have been determined by single-crystal X- 
ray crystallography, as have the structures of the complexes 2 a. 
2b.2CH3CN and 4b .2CH30H;  Figures 1-5 show the struc- 
tures, and Table 2 summarizes important bond lengths and 
angles of the N,O,M coordination polyhedra. The structures 

Figure 1. Structure of the iigdnd LH"H,. Intramolecular 0 H . - .  N contiicts [A]: 
O(1). . "(1) 2.623(5), O(2). "N(2) 2.716(6), O(3). . .  N(3) 2.726(6). 
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Figiirc 2. Structure of the ligand L"CH'H,. Intramolecular 0 - H  ' ' ' N contacts [A]: 
0(1).. N(l)  2 .721(5 ) .0 (3 ) . . .N(2 )  2.650(5),0(5)...N(3)2.647(5) . 

(61 
C1381 

Figtire 3. Structure of the neutral complex 2 a  

C1221 

Ci141 

C1151 

Figure 4 Structure of thc neutral complex Zb 

of LCH~H, and of its monoprotonated gallium complex 
[LC"3HGa1"]CI0,~ CH,OH have been determined previously,[91 
as have the structures of [LV]C10,[7'1 and of three similar neu- 
tral iron(irr) comple~cs . [~"~  7b, lob] 

The structures of the uncoordinated ligands LH, (Figures 1 
and 2) are very similar, irrespective of the nature of the sub- 

C1271 

Ci23 

Figure 5. Structure of the neutral complex 4b 

Table 2 .  Selected bond lengths [A] and angles [deg] of complexes 

M N I  
M - N 2  
M - N  3 
M - 0 1  
M - 0 2  
M 0 3  
av c -0 ,h '" , , , , ,  

0 1 - M - 0 2  
0 1 - M - 0 3  
0 2-M-0 3 
N I - M - N 2  
N 2-M-N 3 
N I - M - N 3  
0 I-M-N 1 
0 2-M-N 2 
0 2 - M - N 3  
0 1-M-N 1 
0 2-M-N 1 
0 3-M-N 2 
0 1-M-N 1 
0 3-M-N 3 
0 1 - M - N 2  

2.354 (2) 
2.365(2) 
2.412(2) 
1.977(2) 
1.971(2) 
1 .960 (2) 
1.335(3) 

106.1 ( 1 )  
102.3 (1) 
100.3(1) 
75.6(1) 
72.6 ( I )  
72.7(1) 
81.4(1) 
82.9 ( I )  

200.2(1) 
153.7(1) 
3 58.4(1) 
155.4(1) 
99.0(1) 
82.8(1) 
96.9 ( 1 )  

2.339 (8) 
2.351 (6) 
2.328(9) 
1.969 ( 5 )  
1 .965(X) 

1.335(10) 

l05.0(3) 
106.9(3) 
105.2(3) 
75.1 (3) 
75.7(3) 
75.6(3) 
83.6(2) 
82.6(3) 

156.9(2) 
92.5(3) 
91.2(3) 
90.9 (3) 

157.0(3) 
83.4(3) 

157.5 (3) 

1.979 (7) 

2.079 ( 2 )  
2.1 79 (3) 
2.230 (3) 
1.924 (3) 
2.053(3) 
1.863 (2) 
1.345(5) 

100.9 ( 1 )  
93.2 ( I )  
95.1(1) 
82.1 ( I )  
78.8 ( 1 )  
82.1 ( I )  
89.5(1) 
86.9 ( 1 )  

164.8 ( 1 )  
92.5(1) 
90.7 (1 ) 
94.4(1) 

173.0(1) 
91.3 (1) 

168.6 ( I )  

2.04( 1) 

1.83 ( I )  

1.36(2) 

95.1 (2) 

84.8 (4) 

87.5(3) 

172.0(3) 

stituents at the phenyl groups. Each structure consists of neutral 
LH, molecules with three intramolecular N . . H -0 hydrogen 
bonding contacts between the tertiary amine nitrogen atoms of 
the 1,4,7-triazacyclononane ring and the three phenol groups. 

The structural analyses of complexes 2a, [2b].2CH3CN and 
[4b].2 CH,OH (Figures 3- 5) confirm that the trianionic ligands 
are hexadentate and give rise to a facial N,O, donor set. The 
resulting polyhedron is in all three cases a distorted octahedron 
with long M-N and comparatively short M - 0  bond lengths. 
Interestingly, in 4b  the M n - 0  and Mn-N distances are not 
equivalent. The high-spin d4-configurated Mn"' ion displays a 
Jahn-Teller tetragonal distortion since the mutually truns Mn- 
N(3) and Mn-O(2) distances are significantly longer than those 
of the other two axes. Thus, in this case the electronic structure 
of the central Mn ion determines the geometry of the MnN,O, 
polyhedron and allows an unambiguous assignment of the 
oxi,dation state of the metal ion. The phenolate oxygen O(2) 
forming the weakest (longest) bond to the Mn"' ion forms an 
0 - H  . . ' 0  hydrogen bonding contact to a methanol solvent 
molecule [0(2) . . . O(4) 2.825 (7 )  A]. 

IVY7 OU47-6539/U7/0302-0310 $ 15 001 2510 Clzern Eirr J 1997, 3. No 2 
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We have also obtained a low-quality crystal structure of 
[4b']Z(CI0,),(H,0)(H,0),, details of which will be published 
el~ewhere.~' 51 The structure consists of the monocations 
[MnivLCH3]+, perchlorate anions and disordered water mole- 
cules of crystallization. Charge considerations necessitate the 
presence of one proton for two Mn" ions. Since [4b']+ is the 
oxidized form of 4 b it is appropriate to comment on some geo- 
metric features of the [Mn'"LCH3]+ cation. The three Mn-N and 
Mn-0  distances of 2.04(1) and 1.83(1) A, respectively, are 
equivalent and significantly shorter than the corresponding 
bond lengths in the neutral complex t4b1.2 CH,OH. These data 
confirm that the one-electron oxidation of 4b is metal-centred, 
yielding an octahedral MnIV (d3) complex. The Mn"-0 bonds 
are very short and indicate considerable double-bond character. 
Consequently, these phenolate oxygen atoms are not involved in 
hydrogen-bonding contacts to the water molecules or to the 
H,O+ cation. 

3. Electrochemistry: The electrochemistry of the complexes has 
been studied by cyclic voltammetry (CV), square-wave voltam- 
metry and coulometry in acetonitrile solutions containing 0.10 M 

tetra-n-butylammonium hexafluorophosphate as supporting 
electrolyte; ferrocene was added as internal standard. In the 
following, all redox potentials are referenced versus the ferroce- 
nium/ferrocene couple (Fc+/Fc) . Table 3 summarizes the mea- 
sured potentials. 

Table 3. Redox potentials [a] of complexes. 

ELz [bl E?,z E L  e,2 E L  

1 0.87 0.62 0.35 
l a  0.43 0.23 0.01 
2 1.04 0.76 0.52 
2a 0.69 0.47 0.27 
2b 0.80 (irr.) 0.60 (in.) 
3 0.96 (irr.) 0.65 0.38 - 1.78 
3a  0.63 0.38 0.14 -1.81 
3b 1.02 (irr.) 0.84 (irr.) 0.52 (irr.) -1.58 
4' -0.43 -0.82 
4 a' 0.89 (irr.) 0.74 (irr.) 0.56 -0.55 -0.92 
4 b/4 b' -0.265 -0.85 

[Lo'H'Cr"i] [d] 0.45 0.24 -0.03 
[L°CH3Coi"] [c] 0.43 0.18 -0.10 

[a] Conditions [ c0mpIex]= l0 -~~  in CH,CN (0 1 0 ~  [N(nBu),]PF,), Ar atmo- 
sphere, T = 298 K, glassy carbon working electrode, reference electrode Ag/AgCl 
(saturated LiCl in C,H,OH), ferrocene internal standard, scan rate 200 mVs-' 
[b] The potentials are referenced versus the ferrocenium/ferrocene (Fc+/Fc) couple 
E: 
potentials, K, are given for irreversible (irr )processes [c] Ref [16] [d] Ref [I71 

= (q + c d ) / 2  for reversible one-electron transfer processes, oxidation peak 

Complexes 1, 1 a and 2, 2 a, 2 b contain redox-inactive triva- 
lent Ga"' and Sc"' ions, respectively. The observed two irre- 
versible oxidation waves in the CV of 2b shown in Figure 6a  
must, therefore, be assigned to ligand-centred processes. It is 
gratifying that the introduction of sterically more demanding 
tert-butyl groups in the ortho and puru positions of the ligands 
in 2 instead of the methyl groups in 2b leads to a CV which 
exhibits three reversible one-electron transfer waves.(Figure 6b). 
Exactly the same electrochemical behaviour is detected for the 
corresponding gallium complex 1 which also displays three re- 
versible one-electron transfer waves. The three one-electron ox- 
idations of 1 and 2 are assigned to the successive formation of 

J 
1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 - E N  vs. Fc'IFc 

Figure 6. Cyclic voltammograms of 2b (top) and 2 (bottom) in  CH,CN ( 0 . 1 0 ~  
[N(nBu),]PF, at a glassy carbon electrode: scan rate: 200 mVsC' ;  [com- 
pkx]%10-'M; 298K). 

one, two and three coordinated phenoxyl radicals [Eq (2); 
M = Ca, SC]. 

- e (E2)  -e(E1) 
(2) ; z e ( E 2  [MiiiLlt - [ M I i I L I Z +  [MiiiL13 t 

+ e  +e + e  

On the timescale of a coulometric experiment at ambient tem- 
perature only the monocations [GaL'"]' and [ScLB"]+ are sta- 
ble. Thus, oxidation of 1 and 2 by one electron equivalent at a 
constant potential of 0.55 V vs Fc+/Fc produces yellow-green 
solutions of the respective monocations, whose UV/Vis spectra 
(see below) remain unchanged for hours. The di- and trications 
are unstable under these conditions. 

In order to make such phenoxyl radicals more accessible by 
introducing more easily oxidizable phenolate pendent arms, we 
prepared the ligand [LOCH3I3- and its colourless Ga"' and Sc"' 
complexes 1 a and 2 a. Figure 7b shows the CV of 2 a and Fig- 
ure 7a a square-wave voltammogram of 1 a. Again, three re- 
versible one-electron oxidation waves are observed in each case. 

. = - b  - 
-I:/ 

-20 

1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 - E N  vs. Fc+/Fc 

Figure 7.  Cyclic voltammogram of 2 a  in CH,CN (conditions as given in Figure 6) 
and square-wavevoltammogram of l a i n  CH,CN ( 0 . 1 0 ~  [N(nBu),]PF,; frequency: 
30 Hz; pulse height 2.5 x lo- '  V;  glassy carbon electrode). 

The stability of both monocations in solution at ambient tem- 
perature is excellent. The redox potentials of l a  and 2a are 
shifted by ~ 3 5 0 - 4 1 0  mV to less positive potentials compared 
to those of 1 and 2. The corresponding di- and trications of 1 a 
are stable at -40 "C for hours and can therefore be spectroscop- 
ically characterized. 
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Complexes 3 , 3  a and 3 b each contain a high-spin Fe"' ion in 
an octahedra1,fh.c-N,O, donor set. The CV of 3a is shown in 
Figure 8. Three reversible one-electron oxidation waves and, in 
addition, a reversible one-electron reduction at  a very negative 

20 - 

10 - 

2 0 -  
- ,  

-10 - 

.20 

-30 

- 

- 

1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 

+- E N  vs. Fc+/Fc 

Figure 8. Cyclic voltrtnimograin of3a  i n  CH ,CN (conditions as given in Figure 6) 

potential are observed. The latter process is assigned to  a metal- 
centred reduction of Fe"' to Fe", whereas the three oxidation 
waves are ligand-centred successive phenoxyl radical formation 
processcs. In this instance, the mono- and dications are stable in 
solution and can readily be prepared by coulometry. The CV of 
3 is similar, but the third oxidation process leading to  the trica- 
tion is irreversible, and the C V  of 3b displays only irreversible 
oxidation processes, indicating that the phenoxyl radicals are 
not stable under these conditions. Interestingly, both 3 and 3b 
display a reversible one-electron metal-centred reduction wave 
at quite negative potentials (E::2; Table 3). These reduction 
waves of 3, 3a  and 3b have similar redox potentials. The three 
coordinated phenolato groups cnorniously stabilize the + I I I  ox- 
idation state of the central iron ion. This is a general feature of 
phenolato iron complexes. 

In the potential range + 0.70 to - 1.5 V vs Fc+/Fc  the CV's 
of 4' and 4b each display two reversible one-electron transfer 
processes [Eq. (3)], which are assigned to the metal-centred cou- 

( 3 )  

ples Mn'V,'Mn"' and Mn"'/Mn" (Ef,* and in Table 3), re- 
spectively. The CV's of 4b and 4b' are identical. Note that 4b 
and 4 b' have been isolated as solids and were fully characterized 
as high-spin Mn"' and Mn'" complexes, respectively. 

The square-wave voltammogram of [Mn'"LoCH3]IPF, (4 a') is 
shown in Figure 9, where the expanded potential range + 1.5 
to -2.5 V vs Fc i /Fc  has been scanned. The two metal-centred 
reversible one-electron transfer processes E4 and E s  have very 
similar redox potentials to the above complexes 4' and 4b (4b') 
and are assigned to the couples MnlV/Mnl" ( E 4 )  and Mn"'/Mn" 
(E ' ) .  In addition, three further oxidative processes were detect- 
ed, two of which, E' and E 2 ,  at 0.89 and 0.74 V are irreversible, 
but the third E 3  at  0.56V vs Fc+/Fc is reversible and corre- 
sponds to a one-electron oxidation of the [Mn'VLoC''3]+ species 
to ii dication, as was indicated by a coulometric measurement. 
Spectroelectrochemistry provides evidence (see below) that this 
oxidation is ligand-centred rather than metal-centred. 

- 3 0 1  I , , , , , , , , , , , , , I 
1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 

c E N  vs. Fc'iFc 

Figure 9. Squuie-wave voltammoprum of 4a' in CH,CN ( 0 . 1 0 ~  [N(nBu),]PF,): 
other conditions as in Figure 7. 

The difference between the redox potentials E l ,  E 2  and E 3  of 
a given species is nearly constant irrespective of the nature of the 
coordinated central metal ion (Figure 10). A very simple elec- 
trostatic model that takes into account only the difference in 
solvation energy of species carrying an n+ and an (PI+  I ) +  
charge has been developed by using the Born equation for a 
charged spherical particle of radius r in a mcdium with dielectric 
constant 8E [Eq. (4)], where E' is the redox potential in V. N L  

- AGO = E'F = n2e2NL/8xrc,,c, (4) 

is the Avogadro number, F is thc Faraday constant, 87cr is a 
geometric parameter of the spherical particle, B , E ~  is the dielec- 
tric constant of the surrounding medium and ne is the electric 
charge of the particle. Assuming that the difference of the redox 
potentials [LM]"+/("+')+ (n = 0, 1, 2) is primarily governed by 
the differing solvation energies of thc two charged species one 
can derive Equation (5). 

This simple model predicts that a plot of the measured redox 
potentials for a given complex [LM]" versus 2 n  - 1 should be 
linear with a slope k = (e2NL/87crE,EE)F~ '. As Figure 10 shows. 
this is indeed the case. Note that the slopes k for the series 1 a, 
2a, 3a are nearly identical (105, 105, 122 mV, respectively), 
irrespective of the nature of the coordinated metal ion. Most 
importantly, a very similar k (83 mV) is observed for the oxida- 
tions of [4a']+ to [4a'I2+. to  [4a'I3+ and to  [4a'I4+ (if one 

1.00 0 

1 3 5 7 
2n - 1 

Figure 10. Dependence of the redox potentials El ~. E: *, t': of the couples 
[LM]"' ![LM]"'-"+ on 211-1 where n represents the charge of the  species [LM]". The 
solid lines are for guidance only. 



assumes that the values for the [4a'I2+j3+ and [4a']3+/4+ 
couples represent the values of the oxidation processes). 
This is again interpreted as a clear indication that oxidation of 
the manganese(1v) species 4 a' to the dication [4a']* + is a ligand- 
centred process, as are the two further oxidation steps. 

If one now considers the fact that all [LM] complexes 
(M = Co"',[''] Cr"',[' 31 Fell', Ga"', Sc"') are isostructural and 
that one-electron oxidation is ligand-centred in all cases, it is 
somewhat surprising that the redox potential E:,, (and similarly 
E& and I?;,*) for the ligand oxidation is rather strongly metal 
ion dependent. Thus, E:,2 for the couple [LM]''' is -0.10 V vs 
Fc+/Fc for the cobalt(m) complex["I but +0.27 V vs Fc+/Fc 
for the scandium(~rr) complex 2 a. The oxidizability of the COOT- 
dinated phenolate ligands is obviously dependent on the nature 
of the metal ion to which it is bound. If the tzn orbitals of the 
metal ion are unoccupied or only half-filled, the M -Ophenalate 
bond has partial double-bond character due to phenolate-to- 
metal x-donation. As a relative measure for the strength of the 
covalent M-Ophenolatc bond we calculate the difference A be- 
tween the sum of the effective ionic radii of the metal(ru) ion and 
an O2 ionr171 and the experimentally determined M-Ophenolatr 
bond length. The larger A is, the more covalent is the M-  
Ophenolate bond and thus x-donor bonding prevails. AS shown in 
Figure 11, a clear correlation exists between A, representing the 
n-donor strength, and the redox potential E:,z exists. Strong 
M -Ophenalate x-donor bonding renders ligand oxidation more 
difficult (Sc represents an extreme case), whereas weakly Tc-ac- 
cepting metal ions facilitate radical formation (Co"' with a filled 
t,, subshell is the other extreme). 

I t  is well established that the Ophcnalvte-M -Ophcnolate bond 
angle CI in a,fuc-N,O,M octahedron also represents a measure 
for the degree of M=Ophenolate double-bond formation: R is ap- 
proximately 90" for M - Ophenolate single bonds and increases with 
increasing M=Ophrnolate double-bond character.17". The inset 
in Figure 11 shows that a linear correlation exists between the 
redox potential E:,, and this R .  
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Figure 11. Dependence of the redox potentials E:,2 of the couple [LM]+ " on tho 
dil'rcrcnce A [(lonic radius: M"+ +O'-) - (expcrimental M-O,,,,,,,,,)]. The inset 
shows the dependencc o f  the redox potential E: 

~ 

angle a. 
on the O,,, ",,,", * -  M -  O,,, 

4. Electronic spectra: The ligands LBUH,, LOCH3H, and LCH3H,. 
dissolved in acetonitrile, each display two .n-n* transitions of 
the phenol pendent arms [LB"H,: 226 nm (c = 1.5 x 
lo4 Lrnol-'cm-'), 283 ( 7 . 2 ~  lo3); LorH3H,: 233 (1.8 x lo4), 
295 (1.3 x lo4); LCH3H,: 219 (8.7 x lo3) ,  286 (3.3 x lo')]. Upon 
coordination to Ga"' or Sc"' (complexes 1, 1 a, 2, 2 a, 2 b) these 
two absorption maxima undergo a slight bathochromic shift 
(Table 4). In CH,CN the spectra of the yellow-green monooxi- 
dized forms of these complexes, generated electrochemically a t  
controlled potentials (or in solution of [l a]C104), also display 
these two UV absorption maxima but, in addition, three maxi- 
ma in the visible: two intense bands between 390 and 430 nm 
(c > l o 3  Lmol-'cm-') and a transition at 600-800 nm of 
much lower intensity (100-600 Lmol-'cm-'). These new 
transitions are characteristic of phenoxyl radicals." The spec- 
trum of 2,4,6-tri-trrt-butyIphenoxyl has been reported : 625 nm 
( ~ ~ 4 0 0  Lmol-'cm-'), 400 (1.8 x lo3), 382 (1.5 x 103).[1y1 

Table 4. UViVis spectral data and magnetic properties of complexes in CH,CN. 

Complex Am,$= [nm] (8: [Lmol-'cm-']) ~ c , ,  [ f d  [dl s, 

1 
[ ] I+  [bl 
l a  
[I  aIC10, 
[ la I2+ [a] 
[la]'+ [a] 
2 
PI+ [bl 
2a  
P a l +  P I  
2 b  
3 
PI+ [bl 
3 a  
[3a]CIO, 
P a l 2 +  ibl 
3 b  
4' 
4 a' 
[4a'J2+ [c] 
4b  
4 b' 

248 (2.5 x lo"), 296 (8.4 x lo3)  
243 (1.8 x lo4), 296 ( 1 . 2 ~  lo"), 394sh (2.1 x lo'), 410 (2.7 x lo'), 781 (230) 

246 (1.4 x lo"), 310 (1.5 x lo4),  340 sh (4.3 x lo'), 408 sh (4.3 x 10'). 427 (5.2 x lo'), 600 (192) 
243(1.3x104), 313(1.8x104), 333sh ( 1 . 3 ~ 1 0 ~ ) , 4 1 7 s h ( 7 . 2 ~ 1 0 ~ ~ ) . 4 3 2 ( 8 . 9 ~ 1 0 ~ ) ,  
243(1.3x104),315(2.1x104),333sh(1.6x104).420(9.8x10')) ,436(1.3xl04) 
252 (4.0 x lo4), 292 (8.3 x 10') 
250 (2.7 x lo4), 294 (1.3 x lo4),  413 (3.1 x lo'), X27 (220) 

253 (1.8 x lo4), 308 (1.2 x 10'). 411 sh ( 3 . 6 ~  lo3). 432 (4.2 x 10'). 616: (178) 
247 (3.9 x 10'). 296 (9.7 x lo3) 
2 4 4 ( 2 . 5 ~ 1 0 ~ ) . 2 8 7 ( I . X x l O " ) ,  3 3 0 s h ( l . 0 ~ 1 0 ~ ) ,  S O O ( 8 . 4 ~ 1 0 ~ )  
2 4 X s h ( 1 . 5 ~ 1 0 ~ ) , 2 9 8 ( 1 . 4 ~ 3 0 ~ ) .  344(7.5x103),406(4.6x103),564(4,8x10~) 
245 (2.2 x lo4), 303 (2.1 x lo4), 513 (8.9 x 10') 
241 ( 2 . 0 ~ 1 0 " ) , 3 0 2 ( 2 . 2 ~ 1 0 ~ ) ,  3 3 2 s h ( 1 . 2 ~ 1 0 ~ ) , 4 0 2 s h ( 7 . 8 ~ 1 0 ' ) , 4 2 1  (l.0x104),562(6.7x10') 
244(3.0x104), 300(2.2x104), 332 ( 1 . 4 ~  lo4), 431 ( 1 . 8 ~  lo4). 610 ( 6 . 5 ~  l o 3 ) ,  750sh ( 5 . 0 ~  10') 
243 (2.4 x lo4),  290 (1.6x lo'), 320 sh (7.0 x 10')). 486 (8.5 x 10') 

236 (2.3 x lo4), 295 (2.4 x lo4), 332 sh (7.9 x 10'). 445 (8.0 x lo3).  678 (7.8 x 10') 
239 (2.0 x lo4),  288 (2.1 x lo"), 320 sh (1.0 x 10"). 441 (9.5 x lo')), 720 (5.6 x 10') 
246 (2.8 x lo4), 295 (1.8 x 10"). 379 (4.8 x lo4), 650 (950) 
277 (2.1 x lo"), 416 ( 8 . 2 ~  lo'), 612 ( 7 . 9 ~  10') 

245 ( 2 . 0 ~  104), 307 ( 1 . 1  304) 

253 (4.2 1041, 307 (1.3 104) 

276 (1.7 to"), 439 (7.3 103),634 (6.3 103) 

dia 
n.m. 
dla 
1.73 
n .m 
n.m. 
dia 
n.m. 
dia 
n.m. 
dia 
5.9 
n.m. 
5.9 
4.9 
n.m. 
5.8 
3.9 
3.9 
n.in. 
4.7 
3.8 

0 
112 
0 

'? 
'? 
0 
1 '2 
0 
1 ,'2 
0 
5,'7 

S 2  

1 ,'z 

7 

1 

5 '2 
3'2 
3:2 
'? 
2 
312 

[a] Species generated coulomeirically at - 30 'C in CH,CN ( 0 . 1 0 ~  [N(nRu),]PF,) from the corresponding neutral trisphenolato complex. [b] Species generated as above at 
22 'C. [c] Species generated coulometrically at - 3 0 ' C  in CH,CN ( 0 . 1 0 ~  [N(nBu),]PF,) from 4a'. [d] n.m. = not measured; dia =diamagnetic. 
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Lippard et a1.12] have characterized the phenoxyl radical 1,l-bis- 
(2-( 1 -methylimidazolyl)- 1 -( 3,5-di-tevr-butyl-4-oxyphenyl)ethane 
and reported its spectrum in CH,CN: 638 nm (c = 

430 L mol - cm I ) ,  394 (1 700), 378 (1 500). Electrochemical 
generation of the dication [I aI2+ by controlled potential cou- 
lometry at - 30 “C produced a green solution, the spectrum of 
which also shows these three transitions (Table 4; Figure 12) in 
the visible. with increased intensity. We take this as an indication 
that a second phenolate pendent arm of the coordinated ligand 
is oxidized, generating a second phenoxyl radical. The trication 
[1aI3+ was generated similarly, and its spectrum is shown in 
Figure 12. It displays the same transitions. with again with in- 
creased intensity in the visible. This indicates that all three pen- 
dent phenolato arms in 1 a undergo successive one-electron oxi- 
dation up to three coordinated phenoxyl radicals in [l aI3+. 
Thus, the electronic spectra of [I]+. [la]’, [la]”, [1al3+, [2]+ 
and [2a]+ all show the typical transitions of phenoxyl radicals 
(Table 4). 
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‘z 1.5 

1.0 

-. - 
- 
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X Inm 
kigurs 12. Electronic spectra of l a  and electrochemically generated [I a]’. [1aI2’ 
and [la]’’ in  CI1,CN ( 0 . 1 0 ~  [N(nBu),]PF,). 

‘The spectra of the neutral iron complexes 3, 3 a and 3 b show 
an intense and characteristic phenolate-to-iron(rI1) charge trans- 
fer (CT) band in the visible (= 500 nm) and the two x-n* tran- 
sitions of the coordinated phenolates in the ultraviolet region. A 
shoulder at z 330 nm is tentatively assigned to  an amine-to-iron 
CT band. One-electron oxidation of 3 and 3a produces the 
stable monocations 131’ and [3a]+, and in the case of 3a the 
clectrochemically generated dication [3aI2 + is stable enough at  
22 ‘C to allow its electronic spectrum to be measured. 

Figure 13 shows the spectra of 3a, [3a]+ and [3aI2+, the 
solutions of which are red, blue and green, respectively. Since 
the spectra of 3 and 3a show an absorption minimum a t  
;= 400 nm it is significant that the oxidized species [3]+ and [3 a]+ 
both display a new intense asymmetric maximum in this region. 
We take this as a fingerprint of the formation of a phenoxyl 
radical rather than a metal-centred oxidation to Fe’”. It is also 
significant that this maximum has approximately twice the in- 
tensity in [3a12+ as compared to its monocation [3a]+; this 
indicates the presence of two phenoxyl radicals in [3a]’+. Inter- 
estingly, these one-electron oxidations of 3 and 3a cause a 
bathochromic shift of the phenolate-to-iron C T  band and its 
intensity decreases. 

The spectra of the manganese(1v)-containing species [4‘]PF,, 
[4 a’]PF, and [4b’],(ClO,),(H,O),(H,O) are similar in the visi- 

h l n m  - 
Figurc 13 Elcctronic spectra of 3a, [3a]C10, and electrochemically generated 
pa]’ ’  in CH,CN. 

ble and display two intense ( E  > lo3 Lmol-  ’ cm- ’) phenolato- 
to-manganese(1v) CT bands at  ~ 4 2 0  and =. 650 nm.[’] Electro- 
chemical one-electron oxidation of [4 a’]PF, in acetonitrile solu- 
tion at -30°C produces a stable dication [4a’I2+, the spectrum 
of which is shown in Figure 14. Owing to the fact that this 
oxidation diminishes the intensity of the CT band of [4a’]+ at 
678 nm and shifts its maximum to 720 nm, whereas the band at  
450 nm ([4a’]+) gains in intensity and shifts to a shorter wave- 
length a t  441 nm, we assume this oxidation to be ligand- rather 
than metal-centred with formation of a phenoxyl radical rather 
than an Mn” species. 

3.01 I 

0 0  
300 400 500 600 700 800 

hl nm - 
Figure 14 Elcctronic spectra of [4a’]PF, and electrochemically generdted [4 a?‘ * in 

CH,CN (0 1 0 ~  [N(nBu),]PF,) 

5. Magnetic properties of complexes: The temperature-depen- 
dence of the molar magnetic susceptibility of solid samples of 
complexes was studied on a SQUID magnetometer in the range 
2- 300 K. Experimental susceptibilities were corrected for un- 
derlying diamagnetism by use of Pascal’s tabulated constants. 
Magnetic moments are summarized in Table 4. 

The colourless or  pale yellow neutral species 1 ,  1 a, 2, 2a and 
2b are diamagnetic as judged by their ‘HNMR spectra (see 
Experimental Section). The neutral iron(n1)-containing com- 
plexes 3, 3a  and 3 b have a temperature-independent magnetic 
moment of 5.9 pB, indicating a high-spin d 5  electronic configu- 
ration ( S  = 5/2) .  Complex [l aIC10, is paramagnetic with a tem- 
perature-independent magnetic moment of 1 .7pB ( S  = 1/2) in 
the range 10-300 K. 

The temperature-dependence of the magnetic moment of 
[3a]C10, is more complex and is shown in Figure 15. peff de- 
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Figure 15. Temperature dependence of the magnetic moment, pCtr/pB, of [3a]CI04. 
The solid line represents a best fit to the spin Hamiltonian N = - 2JS;S, (S, = 51 
2; S, = l / 2 )  (see text) 

creases monotonically from 5 . 2 5 , ~ ~  at 300 K to a plateau value 
of 4 . 9 ~ ~  below 100 K, which remains constant to x 10 K. This 
indicates an S = 2 ground state. The temperature-dependence 
was readily modelled by using the isotropic Heisenberg- Dirac- 
van Vleck (HDvV) spin-coupling model [H = - 2JS,S, + 
gpBB(S,  + S,)) for a high-spin iron(Ii1) ion (S, = 5 /2 )  coupled 
to a phenoxyl radical (S ,  = 1/2). The following numerical values 
were obtained from a fitting procedure to the above spin-Hamil- 
tonian: J = - 80 cm-', g = 2.0 (fixed), and a small amount 
of [3a] (1.6%) as paramagnetic impurity with S = 5/2. The 
intramolecular antiferromagnetic exchange coupling then 
gives the observed S = 2 ground state. The result proves that 
the phenoxyl radical is coordinated to the iron(Ir1) ion, be- 
cause in Lippard's model such antiferromagnetic coupling does 
not exist in a complex with an uncoordinated phenoxyl radi- 
~ a I . [ ~ l  

Complex 4 b exhibits a temperature-independent magnetic 
moment of 4 . 7 , ~ ~  (80-300 K), indicative of an octahedral high- 
spin manganese(1rr) ion. Its oxidized form [4b'],(CIO,),- 
(H,O),(H,O) displays an effective magnetic moment of 3 . 8 6 , ~ ~  
per manganese ion, in agreement with its formulation as an 
Mn" ion (d3). Complexes [47PF6 and [4a']PF6 also have a tem- 
perature-independent magnetic moment of 3 . 9 ~ ~  (10-300 K). 
In all these cases, metal-centred oxidation states of III or IV 

prevail. 

6. Mossbauer spectra: Zero-field Mossbauer spectra of 3, 3a  
and 3b  have been recorded at 80 K. The isomer shifts 6 of 0.49, 
0.50 and 0.48 mm s- '  vs a-Fe at 298 K and the small quadru- 
pole splitting AEa of 0.83, 0.60 and 0.76 mms-' for 3, 3 a  and 
3b, respectively, clearly indicate the presence of highly symmet- 
ric (octahedral), high-spin iron(Ir1) ions in these complexes.[201 
Most importantly, the Mossbauer spectrum of [3a]C10, at 5 K 
also shows a single quadrupole doublet with 6 = 0.54 mms-' 
and AEQ = 0.95 mms-'. Thus, one-electron oxidation of [3a] 
does not induce a significant change in the isomer shift 6 and, 
consequently, the oxidation cannot be metal-centred. Fe" com- 
plexes have very small or even negative isomer shifts 
(6 = - 0.1-0.29 mm s-').['O1 [3a]C10, also contains a high- 
spin iron(n1) ion. The increased quadropole splitting in [3a]+ as 
compared to [3a] may indicate a lower symmetry of the ligand 
field in the oxidized complex. This may be interpreted as evi- 
dence for a localized coordinated phenoxyl radical ligand at 5 K 
(on the timescale of a Mossbauer experiment: z s) in [3a]+ 
giving rise to an N,FeO,O' donor set of C,, symmetry. 
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7. EPR-spectra: X-band EPR 
spectroscopy on acetonitrile 
solutions of the electrochemi- 
cally generated monocations 
[1]+ and [2]+ and of their ben- 
zyl-deuterated forms [D,-l]+ 
and [D,-2]+ proved to be very 
informative concerning the 
question as to whether the 
phenoxyl radical is coordinat- 
ed to the metal ion gallium(m) 
and scandium(rr1). Figure 16 
shows these spectra. 

All four species display a 
signal at 298 K with hyperfine 
structure at g = 2.0041 I 
0.0002, which is characteristic 
for phenoxyl radicals.['*] The 
spectra were satisfactorily 
simulated by taking into ac- 
count of the hyperfine cou- 
pling with the gallium 
(71169Ga, nuclear spin I = 3/2) 

336.0 337.0 33s 0 
Blm ' l -  

Figure 16. X-band EPR spectra of 
electrochemically generated [I]'. ID,- 
l]', [2]' and [D,-2It in CH,CN 
( 0 . 1 0 ~  [N(nBuj,]PF,) at 298 K (condi- 
tions: 9.4592 GHr, 0.45 mW, modula- 
tion frequency: 100 kHz: modulation 
amplitude: 0.026 mTj. Solid lines rep- 
resent experimental spectra. broken 
lines arc simulations using the parame- 
ters in Table 5. Thc ordinates arc in  
arbitrary units of dX"idB. 

or the scandium ion (45Sc, I = 7/2), as well as of three equivalent 
protons of the ligand. The simulation parameters are listed in 
Table 5. Since the form of these signals responds to the selective 

Table 5 .  EPR simulation parameters. 

I11 + 0.230 (69Ga) 0.230 0.155 
0.290 (71Gaj 

0.290 ("Ga) 
[D,-lI+ 0.230 (6'Ga) 0.035 0.120 

PI + 0.117 (4sSc) 0.207 0.140 
P6-21' 0.117 (45Sc) 0.032 0.104 

[a] Hyperfine coiiphng constants [b] Line width at half height 

deuteration of the six benzylic protons (aH/a, z 6.5), coupling to 
one of the diastereotopic protons of each of the three benzyl 
groups must occur. This immediately implies that on the EPR 
timescale (x lo-' s) at ambient temperature the unpaired elec- 
tron in [1]+ and [2]+ is delocalized over all three phenolate 
groups. Note that this is probably not the case for [3a]+ where 
Mossbauer spectroscopy (see above) may imply the presence of 
one localized phenoxyl radical (timescale z 10- ' s) at 5 K. The 
large hyperfine coupling to the gallium or scandium ion proves 
conclusively that the phenoxyl radical is coordinated and not 
dangling as in Lippard's model complex.[21 

Discussion 

We have recently published the syntheses and crystal structures 
of blue [L°CH3Cr"'] ' 2  CH,CN and its violet one-electron oxi- 
dized form [L°CH3Cr1"]C10,~ 3 CH,CN.['31 The former has a 
temperature-independent magnetic moment of 3.87 pB indica- 
tive of an S = 3/2 ground state of a chromium(II1) complex, 
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whereas for the lattcr a temperature-independent pCf, of 2.83 pg 
indicates sin S = 1 ground state of the monocation, which is 
attained by strong intramolecular antiferromagnetic coupling 
between a coordinated phenoxyl radical (S = 1 /2) and a chromi- 
um(iri) ion (S = 3/2). In the crystal structure of 
[L”CHiCr111]C104, the phenoxyl radical and the two phenolate 
pendant arms of the macrocyclic ligand are clearly discernible 
and agree with the two differing resonance structures shown in 
Figure 17. 

Figore 17. Structural data of[Cr”’Lc’‘H’]CI0,~3CH,CN [13]. On the left-hand side 
the iverage hond lenglha ofthe t m o  coordinated phenolate pendent :ti-ms arc given, 
and 011 the right-hand side those for the coordiiiated phenoxyl radical, for which onc 
rexrniincc b~ructure  is drawn. 

The two phenolates and the phenoxyl radical are coordinated 
to the metal ion. Interestingly,the Cr-Ophenoxyl bond length of 
2.943 (2) A is slightly longer than the Cr-OOphenol~lte bond length 
of 1.920(3) A. In contrast, in the trianionic triscatechola- 
tochromium(lr1) complex,[211 [CrLJ3 ~, where L is 3,5-di-teut- 
buiylcatecholate(2 -), the average Cr-O,,, bond length is 
1.986(4) A, whereas in its oxidized form,[221 [CrL,] [ L  = 3.5- 
di-tcvt-butylsemiquinonate(1 -)I, the Cr-05emiqui,,one distance is 
shorter a t  1.933 (5) A. Complexes of this type have been shown 
to undergo reversible or quasi-reversible one-electron redox 
steps to give Cr(quinone);, where n ranges from 3 + to 3 - . l r3’  

Thus, coordinated tris(0-catecholates) display a similar chem- 
i ~ t r y ‘ ~ ~ ]  to the phcnolato complexes reported here. 

From EPR and susceptibility measurements“31 we have con- 
cluded that the electronic ground states of the neutral complex 
[L°CH3Cr“’] is S = 312, that of the monocation is S = 1, that of 
the dication is S = 1/2 and that of the trication is S = 0. These 
ground states are attained via intramolecular antiferromagnetic 
exchange coupling between zero, one, two or three coordinated 
phenoxyl radicals and a central chromium(II1) (t$) ion. 

Similarly, the corresponding neutral iron complexes 3 ,3  a and 
3b  contain high-spin iron(i1r) ions with S = 5/2 ground states, 
whereas the corresponding monocations have S = 2. For the 
dictrtions S = 3/2 and for the trication S = 1 ground states are 
expected, but this has not yet been proven experimentally. This 
behaviour is again in excellent agreement with that of analogous 
tris(catecholato)iron(m) complexes 12” and their semiquinonale 
analogues, which have recently been shown by high magnetic 
field Mossbauer spectroscopyL2”l to cxhibit relatively localized 
bonding between a high-spin ferric ion and semiquinonate rad- 
ical ligands. 

In the neutral trisphenolate complexes containing redox-inac- 
tive gallium(iir) o r  scandium(m) ions, the monooxidized forms 
[l]’ , [ la]+ ,  [2]+ and [2a]’ contain one coordinated phenoxyl 

radical. The EPR spectra of [ l  a]’ and [2a]+ in acetonitrile 
solution at  room temperature show that the unpaired electron is 
delocalized over the whole cation on the EPR timescale 
( z  10-’s). It is interesting to note that in tris(semi-quinona- 
to)gallium(ru) complcxes the spins of the three unpaired clec- 
trons are aligned parallel,[261 giving rise to  an S = 3/2 ground 
state. Ferromagnetic intramolecular coupling of this kind oper- 
ating through superexchange mechanisms has also been ob- 
served for inetal(1v) derivatives of the diiiegative radical ligand 
3,5-di-tert-butyl-l,2-semiquinonato-l-(2-hydroxy-3,5-di-tevt- 
butylpheny1)imine (MI” = Ti, Ge, Sn).[271 We therefore expect 
similar behaviour for the present di- and trications, which 
should yield S = 1 and S = 312 ground states. 

All the available spectroscopic data suggest that the oxidized 
forms of LM“’ complexes (M = Ga, Sc, Cr, Fe) contain coordi- 
nated phenoxyl radicals. In no instance has a metal-centred 
oxidation been observed. The situation is different for the man- 
ganese complexes; the monocations [4’]+, [4a’]+ and [4b’]+ 
clearly containing a manganese(1v) ion. The spectroelectro- 
chemical investigation of the dication [4a’]’+ then points to a 
ligand-centred oxidation. This species is most probably a man- 
ganese(rv) complex with a coordinated phenoxyl radical. In- 
tramolecular antiferromagnetic coupling is expected to yield an 
S = 1 ground state in [4a’I2+. 

The chemistry described in this paper places coordinated phe- 
nolates in the growing class of noninnocent organic ligands such 
as 1,2-dithioIenes, diimines, quinones and porphyrins. We have, 
therefore, checked the recent literature for first-row transition 
metal complexes with “unusually” high oxidation states of the 
central metal ion and coordinated phenolates. In a series of 
interesting papers, Koikawa, Okawa, Kida et al.[28-311 have 

In addition, they have described dinuclear copper(I1) complexes 
which they show to undergo a one-electron oxidation to  the 
mixed valent “Cu“Cu”’” and a further one-electron oxidation to 
a dinuclear “Cuy” species. These complexes contain, in their 
reduced forms, trianionic ligands derived from N-(2-hydrox- 
ypheny1)salicylamidc. The mononuclear bis-complexes [MI1’- 
LJ3 ~ (M = Fe, Co) and a [Mn1VL2]2- species were subjected to 
one-electron oxidation by use of Ce” to give [ML,]’- and an 
[MnLJ species. In our view, all the 

tochemistry reported by these au- 
thors are also compatible with for- 

Fell’) and M d - O R  species. Simi- 
larly, the Cu”’-OR complexes may 
in f x t  be Cu“-OR. In all these cas- 
es, strong intramolecular antiferro- 
magnetic coupling of the d” elec- 
trons with the radical spin would give the observed ground 
states. A similar case has recently been reported by Collins et 

for an iron(1Ir) complex containing a similar coordinated 
radical ligand.[32] It is not a trivial matter to characterize the 
electronic structure of such complexes. 

Recently, Tolman et al. have reported a mononuclear cop- 
per(1r) complex that contains a coordinated phenoxyl radical.[341 
This complex serves as a structural model for the enzyme galac- 
tose oxidase. 

described octahedral complexes of “Mn’”, “FeiV” and “Co~v” 

spectroscopic data and the magne- R 

ho@ 0 
mulation as MII’--OR (M = Co“’, L =  L E  6;” 

R=H,CH,.CI,NO, 
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Experimental Section 

1,4,7-Tris(3,5-dimethyl-2-hydroxybenzyl)-t,4,7-triazacyclono~~ne (LCHJH,j 
[Y]: A solution of 1,4,7-triazacyclononane (tacn) (3.0 g, 0.024 tiiol) and 
paraforiiialdehyde (2.16 g, 0.072 mol) in methanol (100 mL) wab refluxed for 
0.5 h. 2,4-Dimethylphenol (9.0 g, 0.074 mol) was added to the orange solu- 
tion. The mixturc was refluxed for 12 h and allowed to cool t o  room temper- 
ature. The white product was collected by filtration. Yield: 7.6 g (60%); 
'H NMR (400 MHz, CDCI,, 20°C): 6 = 2.20, 2.25 (s, 3 H ,  S, 3H,  PhCN,). 
2.85 (s, 4H,  NCH,CN,N), 3.70 (s, 2H,  NCH,Ph), 6.60 (s, 1 H, PhH), 6.95 
(s, 1 H, PhH), 9.95 (brs, 1 H, PhOH); t-3C NMR (100.62 MHz, CDCI,, 
293 K): 6 =l5.4, 20.6 (CH,), 55.3 (NCH,CH,N), 62.4 (NCH,Ph), 121.1, 
124.5. 127.1, 127.7, 130.9 (arom. C ) ,  153.0 (arom. COH); MS (FAB): m/z 
(%): 532.8 (100) [ M + H + ] ;  C,,H4sN,0, (531.74): calcd C 74.5. H 8.5, N 7.9, 
found C 74.8, H 8.8, N 7.3. 

1,4,7-Tris(3,5-di-tr~-butyl-2-hydrox~'bcnzyI)-1,4,7-triazacyelononane ( LHUH ,): 
A solution of tacn (I  .0 g, 8 mmol) and paruforinaldehyde (0.72 g, 0.042 mol) 
in methanol (20 mLj was refluxed for 2 h. 2,4-Di-tert-butylphenol (9.8 g, 
0.048 mol) and a few drops of conc. HCI were added to the orange solution. 
The mixture was refluxed for 3 h and allowed to cool to room temperaturc. 
The white product was isolated by filtration and recrystallized from acetoni- 
trile solution. Yield: 3.1 g (50%); 'HNMR (400 MHz, CDCI,, 293 K): 
6 =1.24, I.~~(s.~H,s,~H,P~C(CH,),),~.~~(S,~H, NCH,CH,N), 3.71 (a. 

2H, NCfI,Ph), 6.75, 7.21 (d, l H ,  d ,  I H ,  ,J(H,H)=2.34Hz, PhfI), 10.1 
(brs, 1 H, PhOH); ',C NMR (100.62 MHz, CDCI,, 293 K): 6 = 28.8, 31.8 
(C(CH,),). 31.2. 34.9 (C(CH,),), 55.4 (NCH,CH,N), 63.5 (NCH,Ph), 
121.5, 123.5. 123.8, 135.7, 141.0 (arom. C), 154.0 (arom. COH); MS (FAB): 
n7/z (%): 784.6 (100) [A4']; C,,H,,N,O, (784.2): calcd C 78.1, H 10.4. N 5.4, 
found C 78.7, H 11.4, N 5.4. 

I ,4,7-Tris(3-tc~~f-butyl-S-methoxy-2-hy~roxyhen~yl)-l.4,7-triazacyclononane 
(LorH'H,): The same procedure as  described for L""H, was employed, but 
2-tert-butyl-4-niethoxy-phenol (8.7 g, 0.048 mol) was used. Yield: 2.8 g 

2.79 (s,4HI.NCH,CH,Nj, 3.67 (s ,2H,NCHZPh),  3.69 (s, 3H,OCH,), 6.32, 
6.79 (d, I H ,  d, I H ,  ,J(H.H) = 2.91 Hz, PhH), 9.83 (brs, 1 H, PhOH); I3C 
NMR (67.93 MHz, CDCI,, 293 K): 6 = 29.4 (C(CH,),), 34.8 (C(CH,),j, 
55.4(NCH,CH2N), 55.6(OCH3), 63.2(NCH2Ph), 111.3, 113.1 (arom. C'H), 
122.7 (arom. CC(C€I,),), 138.0 (arom. CCH,N), 150.0, 151.9 (arom. COH 
and aroni. COCH,); MS (ESIp): mlz (%):  706.0 (72) [ M + H + ] ;  
C4,H6,N306 (705.98): calcd C 71.5, H 9.0. N 6.0, found C 71.4, H 9.1. N 6.0. 

1,4,7-Tris(3,5-di-~crf-butyl-2-deuterohydroxybenzyl)-t ,4,7-triazacyclononane 
([D6]-LB"D,): Thc same procedure as described for LR"H,, but CH,OD, 
(CD,O),, and conc. DCl in D,O were used. The 'H NMR spectrum exhibits 
the s a n e  signals as reported for LRUH, except for the signals for the benzylic 
and phcnolic protons; MS (Elp): WtlZ (%): 789 (80) [D,-L""H,]+, 790 (100) 

C,,H,,D,N,O, (793.15): calcd C 78.1, H 10.4, N 5.4, found C 78.7, H 10.4, 
N 5.4. The dcuieratcd ligand [D,]-L"CH3D, was preparcd analogously. 
All following manipulations were carried out under an  argon atmosphere in 
water-free solvents. 
1: GaCI, (0.17 g, 1 mmol) was added to  a solution of L""H, (0.78 g, 1 mmol) 
in acetonitrile (30 mL). After rcfluxing for 2 h and cooling to room temper- 
ature, a white microcrystallinc product formed and was collected by tiltra- 
tion. Yield: 0.39g (46%); ' H N M R  (400 MHz, CDCI,, 300 K): 6 =1.16, 
1.24 (s, 9H, s, 9H,  PhC(CH,),), 2.60, 2.80. 3.40 (m, I H ,  m, 2H, m, l H ,  
NCH,CH,N), 3.55, 4.90 (d, 1 H, d, 1 H, 'J(H,H) =12.50 Hz, NCH,Ph), 
6.63,7.12(d,1H,d,lH,4J(H,H) =2.59Hz,Phfl); '3CNMR(100.26MHz, 
CDCI,, 293 Kj: 6 : 30.1, 31.9 (C(CH,),), 34.0, 35.1 (C(CH,),), 49.3, 53.5 
(NCH,CH,N), 64.1 (NCH,Ph), 117.3 (arom. CCH,N). 123.0, 122.2 (arom. 
CH, 135.0. 137.8, (arom. CC(CH,),), 160.5 (arom. COGaj; MS (FAB): m/z 
(%): 850.0 (100) [ M + ] ;  C,,H,,N,O,Ga (850.9): calcd C 72.0, H 9.2, N 4.9, 
found C 69.8, H 9.3, N 4.8. 
l a :  GaCI, (0.17g, 1 nimol) was added to a solution of L°CH3H, (0.71 g, 
1 mmol) in acetonitrile (30 mL). After refluxing for 2 h and cooling to room 
temperature, a white microcrystalline product formed which was isolated by 
filtration. Yield: 0.42g ( 5 5 % ) ;  ' H N M R  (270MHz, CD,CI,, 300 K): 
6=1.31 (s, YH, PhC(CH,),), 2.55, 2.80, 3.11 (in, IH,  m, 2 H ,  m, l H ,  
NCH,CH,N), 3.40,4.70 (d, I H ,d ,  1 If, 'J(H,H) =12.58 HL, NCH,Ph), 3.69 

(50%); ' H N M R  (270 MHz, CDCI,, 300 K): 6. = 1.40 (s, 9 H ,  PhC(CH,),), 

[D,-LBUD,H2]', 791 (70) [D,-L""D,H,]+, 792 (25) [D,-LRUD,]+; 

(s, 3H,  OCH,) ,  6.31, 6.78 (d, l H ,  d,  I H ,  "J(H,H) = 3.12 H7. PhH): 13C 
NMR (100.62 MHz, CD,CI,, 300 K): 6 = 30.0 (CCCH,),). 35.4 (C(CH,),), 
49.0, 56.1 (NCH,CH,N), 55.2 (OC:H,), 64.3 (NCH,Ph). 112.1. 113.9 (arom. 
CH), 118.7 (arom. CC(CH,),), 140.1 (arom. CCH,N). 148.7 (arom. 
COCH,), 158.4 (nrom. COGaj; MS (ESlp) rn/: (%): 772.0 (SO) .  774.0 (40) 
[M+H]' ; C,,H,,N,O,Ga (772.68): calcd C 65.3, H 7.8. N 5.4. found C 
64.8, H 7.7, N 5.6. 

IlalCIO,: [Ni"'(tacn),](ClO,), [14] (0.62 g. 1 nimol) w a s  added to a solution 
of 1 a (0.77 g, 1 mmol) in CH,CN (45 mL) at - 18 C .  After stirring for 
15 min. the green solution was filtered, and the solvent partly removed by 
rotary evaporation under reduced pressure. A green solid precipitated and 
was collected by filtration. Yield: 0.40 g (46%); MS (ESIp) n7!2 (Yo):  756.5 
(69), 758.5 (52) [ M +  - C10, - OCH,]; 771.5 (100). 773.5 (74). 
[M' - CIO,]; Cd,H,,,N,OloCIGa (872.13): calcd C 57.8.14 6.9. N 4.X, CIO, 
11.4, found C 57.0. H 6.9, N 4.5, CIO, 11.0. 

2: ScCI;hH,O (0.26 g, 1 mmol) was added to a solution of LH"H, (0.78 g, 
I mmol) in acetonitrile (30 mL). After refluxing for 2 h and coolins to irooni 
tempcrature, a whjtc microcrystalline product formed. which was isolated by 
filtration. Yield: 0.36 g (44%); 'HNMR (400 MHz, CD,CN, 300 K): 
6 =1.26, 1.41 (s. 9H, S .  9H, PhC(CH,),), 2.38, 2.75, 3.05 (ni. 2H. m, 1 H, m, 
1 H, NCH,CH,N), 3.31,4.03 (d, 1 H, d, 1 H, *J(H,H) = 12.23 Hz, NCEI,Ph). 
6.95,7.22 (d, 1 H, d,  1 H, ,J(H,H) = 2.49 Hz, PhH); ',C NMR (100.61 MHz, 
CD,CN, 300 K) :  (5 = 30.2, 32.1 (C(CH,),), 34.6, 35.6 (C(CH,j,). 49.5, 59.0 
(NCH,C'H,Nj, 64.4 (NCH,Ph), 124.4 (arom. CCH,N), 124.7. 126.4 (arom. 
CH), 136.2, 137.7 [arom. CC(CH,),], 161.7 (arom. ('0%); C5,H,,N,0,3Sc 
(826.2): calcd C 74.2, H 9.5, N 5.1, found C 74.8. H 9.3, N 5.0. 
[D&I and ID61-2- The samc proccdures as describcd for I and 2 wcrc eni- 
ployed, but [D6]-LU"D, was used. The 'HNMII  spectra show thc same 
signals as  reported for I and 2, except for thc signals of thc ben7ylic protons; 
MS (ESIp): m j z  (%>): X32 (200) [ M i ] ;  C51H,,D,N,0,Sc (832.2). 
2a:  ScCI,.6H,O (0.26g, 1 mmol) was added to a solution of L"CH'H, 
(0.71 g, I mmol) in acetonitrile (30 mL). After rctlitxing for 2 h and cooling 
to room temperature, a white crystalline product forined which was isolated 
by filtration. Yicld: 0.46 g (62%); 'H NMR (400 MH7. CDCI,, 300 K ) :  
6 =1.41 (s, 9H,  PhC(CN,),), 2.30, 2.58, 2.84 (m. 1 €I, in, 1 H, ni, 2H,  
NCH,CH,N).3.15.4.19(d,1H,d,1H,2J(H,H) =12.15 Hz,NCH2Ph).3.72 
(s, 3H,  OCH,), 6.46, 6.84 (d, 1 H, d, 1 H,  ,J(H,H) = 3.15 Hz, PhH); I3C 
NMR (100.62 MHz, CDCI, 300 K):  6 = 29.5 [C(C'H,),], 35.0 [C(CH,),]. 
49.0, 58.4 (NCH,CH,Nj. 55.8 (OCH,), 64.0 (NCH,Ph). 112.8, I 1  3.6 (arom. 
CH), 123.0 (aroni. CC(CH,),), 138.2 (arom. CCH,N), 148.8 (aroin. 
COCH,). 157.6 (arom. COSc): MS (ESIp) m/z (%): 747.0 (100) [M+];  
C,,H,,N,O,Sc (747.97): calcd C 67.5, H 8.1, N 5.6. found C 6S.0, H 8.0. N 
5.6. 
2b: A few drops of NEt, were added to a solution of LCH3H, (0.54 g. I mmol) 
and ScCI;6H20 (0.26, 1 mmol) in acetonitrile (30 mL). After refluxing for 
3 h and cooling to room temperature, a white inicrocrystalline product 
formed which was isolated by filtration. Crystals of 2b.2CH3CN werc ob- 
tained by recrystallization from CH,CN. Yield: 0.41 g (72%);  'HNMR 

2.81 (m. 1 H, ni, I H ,  m, 2H,  NCH,CH,N). 3.21. 4.33 (d. I H ,  d, 1 H, 
(400 MHz, C,DCI,, 293 K): 6 = 2.15. 2.18 (s, 311, s, 3H,  PhCH,), 2.20. 2.58, 

2J(H,H)=14.13H~,NCH,Ph),  6.68,6.90(d, l H , d ,  I H ,  PhH);  ' ,CNMR 
(100.62 MHz, CDCI,. 293 K): 6 =I4.5, 19.4 (CH,), 49.2, 58.3 
(NCH,CH,N), 61.8 (NCH,Ph), 120.9, 123.7, 124.5, 127.3, 130.5 (arom. C), 
159.0 (arom. COSc); MS (FAB): m / z  (%j: 573.20 (100) [M+];  
C,,H,,N,O,Sc (573.7): calcd C 69.1, H 7.4, N 7.3, found C 69.5, H 7.6. N 
7.1 
3 :  FeCI,.9 H,O (0.52, 1 mmol) was added to  a solution of LH"H, (0.78 g. 
1 mmol) in methanol (50 mL). The solution was refluxed for 0.5 h. NEt, 
(1 mL) was added to Lhe violet solution, a i d  the resulting red solution was 
refluxed for 2 11. After cooling to room temperature, water (5 mL) w ~ i s  addcd, 
which initiated the precipitation of a microcrystalline red solid. Yield: 0.70 3 
(83%); MS (FAB): 4; (YO): 836.5 (100) [Mi]; C,,H,,N,O,Fe (837.1): 
calcd C 73.2, H 9.4, N 5.0. found C 71.3, H 9.5, N 4.9. 

3 a :  The same procedure as described for 3 was employed, but LOCH3H, 
(0.71 g. 1 mmol) was used. Yield: 0.48 (63%); MS (ESIp) nz/z (%): 759.0 
(100) [hi'+]; C,,HhUN3O,Fe(758.8): calcd C 66.5. H 8.0. N 5.5. Fe7.4, found 
C 66.8. H 8.0. N 5.4, Fc 7.2. 

[3alC10,: [Ni"'(tacn),](CIO,), (0.62 g. 1 nimol) was added to a solution o f 3 a  
(0.76 g, 1 mmol) in CH,CN (45 mL) at - 18 " C .  After 15 min the blue solu- 
tion was filtered. and the solvent was partly removed by evaporation under 
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reduced pressure. The deep blue microcrystalline solid was isolated by filtra- 
tion. Yield: 0.48 g (56%); MS (ESIp) m/z  (%): 758.5 (100) [ M + ] ;  
C,,H,,N,O,,CIFe (858.3): calcd C 58.8, H 7.1, N 4.9. Fe 6.5, CIO, 11.6, 
found C 58.5, H 6.8, N 5.1, Fe 6.3, CIO, 11.3. 

3h: NEt, (1 mL) was added to a solution of LcH?H, (0.53 g, 1 mmol) and 
Fc.CI;9H20 (0.52, 1 mmol) in acetone (30 mL). After 1 h of stirring, water 
(5 mL) was added, which initiated the precipitation of a microcrystalline red 
solid. Yield: 0.43 (73%); MS (FAB) nz/z (%)): 583.1 (100) [ M ' ] ;  
C,,H,,N,O,Fe (584.6): calcd C 67.7, H 7.3. N 7.2, found C 68.2, H 8.0, N 
7.2. 
4': Asolution of IMn~O(CH3CO2),]CH,CO2 (0.23 g, 0.33 mmol) and LB"H, 
(0.79 g. 1 mmol) in acetonc (30 mL) was refluxed in thc presence of air for 
0.5 h. After addition of a few drops ofNF,t, and heating for 2 h, a deep green 
solution formed. NaPF, (0.5 g, 3 mmol) was added to the cooled (20 "C) 
solution, and [L""MniV]PF, was isolatcd as a green solid by filtration. 
Yield: 0.77g (78%); MS (FAB) m/z (YO): 835.6 (100) [ M +  - PF,]; 
C,,H,,N,O,MnPF, (Y81.1): calcd C 62.4, H 8.0, N 4.3, found C 61.3, H 8.6, 
N 3.8. 

4a': The same procedure as described for 4' was employed, hut L°CH3H, 
(0.71 g,  1 mmol) was used. Yield: 0.60 g (67%); MS (ESIp) m / i  ( Y o ) :  757.0 
(100) [ M +  - PF,]; C,,H,,N,O,MnPF, (902.9): calcd C 55.9, H 6.7, N 4.7, 
Mn 6.1. found C 55.7, H 6.8, N 4.7, Mn 6.0. 
4b: A solution of LCH3H, (0.53 g, 1 mmol) and [Mn~'O(CH,CO,),]CH,CO, 
(0.23 g, 0.33 mmol) in acetone (30 mL) was heated to reflux for 0.5 h. NEt, 
(2 mL) was addcd, and the solution heated for 2 h. Water (6 mL) was added 
to the green solution, which initiated the precipitation of a microcrystalline 
green solid. Yield 0.54g (93%); MS (FAB) m/z (%): 583.1 (100) [ M + ] ;  
C,,H,,N,O,Mn (583.7): calcd C 67.9, H 7 . 3 ,  N 7.1, found C 68.2, H 7.5, N 
6 8. 

(4 b'~,(ClO,),(H,O)(H,O),: 4 b (0.59 g, 1 mmol) was dissolved in methanol 
in the presence of air and HCIO, (60%, 0.5 mL) was added. After 3 d in an  
open vessel, deep green crystals precipitated. Yield: 0.35 g,  (23%); MS (FAB) 
m/z  (%): 583.2 (100) [M' - CIO,]; C,,H,,N,O,,Mn,CI, (1538.8): calcd C 
513,  H 6.2, N 5.2, found C 50.1, H 6.1, N 5.2. 

Physical Measurements: Electronic spectra of the complexes and spectra of 
the spectroelectrochemical investigations were recorded on a Perkin Elmer 
L.ambda 19 (range: 220-1400 nm) and on a HP 8452A diode array spec- 
trophotomcter (range: 220-820 nm), respectively. Cyclic voltammograms, 
square-wave voltammograms and coulometric experiments were performed 
on EG & G equipment (Potentiostat/Galvanostat Model 273A). EPR spcctra 
orcomplexes ( lo - ,  M ,  CH,CN solution containing 0 . 1 0 ~  [N(nBu),]PF,) wcrc 
rncasured at 298 K in a quartz cell (d = 0.3 mm). The data were digitized on  
a data station (Stelar s.n.c., Mede, Italy). The spectra were simulated by 
iteration of the isotropic hyperfine coupling constants and line widths u and 

A v ~ , . ~ .  We thank Dr.  F. Neese (Abteilung Biologie der Universitat Konstanz) 
for a copy of his EPR simulation program. Temperature-dependent (2- 
298 K) magnetization data were recorded on a SQUID magnetometer 
(MPMS Quantum Design) in an  external magnetic field of 1.0 T. The exper- 
imental susceptibility data were corrected for underlying diamagnetism by use 
of tabulated Pascal's constans. The Mossbauer spectra were recorded on an 
alternating constant-accelaration spectrometer. The source was "Co/Rh and 
the minimum experimental line width was 0.24 mms- '  full width at half 
maximum. The sample temperature was maintained constant in an Oxford 
Instruments Variox cryostat. Isomer shifts are quoted relative to iron metal 
a t  300 K. 

Crystal Structure Determinations: Details of the crystal data, data collection 
and refinement are summarized in Table 6. Intensities and lattice parameters 
of colourless crystals of LB"H,, L°CH'H,, [2a] and [2b].2CH3CN were mea- 
sured on an Enraf-Nonius CAD4 diffractometer by using Cu,, radiation 
(L""H,, L°CH3H,), and on a Siemens SMART system and a Siemens P4 
diffractometer by using Mo, radiation for [2a] and [2b].2CH3CN, respec- 
t i d y .  Similarly, a green crystal of [4b] (CH,OH), was studied on a Siemens 
P4 diffractometer by using Mo,, radiation. No corrections for absorption 
effects were carried out. The structures were solved by conventional Patterson 
and difference Fourier and direct methods and refined with anisotropic ther- 
mal parameters for all non-hydrogen atoms. Neutral-atom scattering factors 
and anomalous dispersion corrections for non-hydrogen atoms were taken 
from ref. [33]. The Siemens programme package SHELXTL PLUS (G. M. 
Sheldrick, Universitdt Gottingen) was used throughout. All methyl, 
methylene and aromatic hydrogen atoms were placed at  calculated positions 
and were refined with isotropic temperature factors. The function minimized 
during full-matrix least-squares refinement was ~ w ( l F O l  - IF,I)'. 
Further details of the crystal structure investigations may be obtained from 
the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen 
(Germany) on quoting the depository number CSD-59362. 
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Table 6 Crystallographic data of ligands and complexes. 

[4bl(CH,OW, L W ,  LOC113H, 2a [2b].2CH3CN 

formula 
Mr 
F""0 
crystal system 
\pace group 
'f [A] 
h [A1 
1 '  [A1 
! X  [ I 
li ["I 
;, "I 
v "4'1 
d, [gcm-'1 
I I  ( M o d  [mm-'] 
crystal size [mm] 
collection T [K] 
obs. unique reflns 
parameters refined 
R [a1 

.r 

C,,HaiN,O, 
784 2 
3456 
monoclinic 
C2iC 
23.246(3) 
18.572(2) 
23.765 (1) 

101.19(1) 

10065.1 (6) 
8 
1.03 
0.455 
0.21 x 0.35 x 0.49 
293 
9583 
526 
0.074 

CaH,,N,O, 
706.0 
3072 
monoclinic 
c2:c 
27.116(1) 
14.996 (1) 
21 .I09 (1 ) 

20S.00(I) 

8290.9(6) 
8 
1.23 
0.594 
0.43 x 0.65 x 0 48 
293 
8532 
473 
0.044 

CaHaN,O& 
747.9 
1608 
monoclinic 

12.982(1) 
20.363(3) 
15.849(1) 

99.660 (7) 

4130.3(14) 
4 
1.203 

0.46x0.53 x0.14 
293 
941 6 
469 
0.049 

P 2 J n  

0 226 

C,,H,*NsO.sc 
655.8 
700 
triclinic 
Pi 
1 z .683(2) 
13.464 (4) 
13.563 (4) 
119.40(2) 
93.17(2) 
104.21 (2) 
1762.6(8) 
2 
1.236 
0.25 
0.3 x 0.24 x 0.18 
193 
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Corrigendum: In the paper “Regiochemistry of Twofold Additions to [6,6] Bonds in CGo: Influence of the Addend- 
Independent Cage Distortion in 1,2-Monoadducts” (Chem. Eur. J .  1996,2, 1537-1547), the labels in Figure 10 should 
read (clockwise from top, left) HOMO,,,, , HOMO,,,, - 1, LUMO + 1 ,  and LUMO. 
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