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clbstraa - Chargm d is t r ibu t ion  i n  complexes containing 
quinonm ligands coordinated with mlectroactive t rans i t ion  
mmtal ions i s  determined by the re la t i ve  energims of metal 
and quinone electronic levels. Intramolecular metal-quinone 
elmctron transfmr may resu l t  from var iat ions i n  the form of 
thm complmx which change the order of metal and quinone 
o rb i ta l  energies. I ron complexes have bmmn prmpared with 
3,S-di-t-butyl-1,2-bmnzoquinone (DBBQ). Thm structures of 
thm complexes have been dmtmrmined using crystallographic 
mmthods, the chargm on the metal and the charge d is t r ibu t ion  
i n  the molmcule have been studied using spmctroscopic tech- 
niqums, and magnetic coupling between paramagnetic semi- 
quinone ligands and the high spin f e r r i c  center has been 
invmstigated using variable temperature magnetic suscep- 
t i b i l i t y  measurements. Reaction6 carrimd out between 3,s-di- 
t-butylcatechol and ammonia i n  the presencm of the divalent 
mmtal ions of Fe, Mn, and Co lead t o  neutral complexes of 
form ML=, whmre L i s  a t r identate l igand resul t ing from 
Schiff bas. condensation of two catecholate ligands. This 
l igand may ex is t  i n  charges ranging from +l t o  -3, and 
spectroscopic, structural  and magnetic methods of analysis 
have bmen used t o  determine charge d is t r ibu t ion  i n  the 
complexes. EPR spectra indicate that  complexms containing 
the more oxidized form of the l igand have surpr is ingly 
Iocalizmd electronic structures. 

INTRODUCTION 
Catecholater and semiquinones have f i l l e d  or p a r t i a l l y  f i l l e d  electronic 
levmls that  are ~ 1 0 6 s  t o  t rans i t ion  metal d-orbitals i n  energy but which 
rmmain discrete i n  thm mlectronic structure of the complex. cls a conse- 
quencm, modifying complexes i n  a way which changes the order of metal and 
quinonm o rb i ta l  energy rm6ults i n  a change i n  the nature of the electronic 
ground statm of thm complex, and t h i s  change may bm rmflacted i n  an effec- 
t i v e  transfmr of charge betwmrn the metal and the quinone ligand (ref .  1) .  
Thm t rans i t ion  down a group resul ts  i n  an increase i n  metal d-orbital 
enmrgy. Neutral complexes of the f i r s t  row metals show charge d is t r ibut ions 
with p a r t i a l l y  oxidizmd metals coordinated by p a r t i a l l y  reduced smmiquinone 
ligands (ie. C r X X X ( S Q ) = ,  MnXz(SQ)=, FeLrX(SQ)3) , while related complexes 
Containing the 5d t h i r d  row metals contain metal ions i n  high oxidation 
states coordinated by reduced catecholate ligands (ie. WuX (Cat)=, 
ReuZ(Cat)3, OsuZ(Cat)3). The e f fec t  of the donor property of counter 
ligands on mmtal o rb i ta l  energy can also influmnce charge d is t r ibut ion.  
With hard nitrogmn donor ligands the copper-quinonm complexes show struc- 
tu ra l  and magnetic proprr t ies which indicate a (N-N)CuXr(Cat) charge dis- 
t r ibut ion,  while with so f t  phosphine donors metal o rb i ta l  enmrgy drops and 
thm paramagnetic cmntmr s h i f t s  t o  thm smmiquinone ligand i n  the 
isoelectronic (P-P)CuX (SQI complexes (ref .  2) .  Overall complmx chargm 
i n f  lumncms chargm dis t r ibut ion.  Reduction of onm ligand of neutral 
VLrX(SQ)J  resu l ts  i n  oxidation of the metal ion by two electrons as charge 
dimtribution changes t o  Vu(Cat)=- (ref .  3). 

cl second feature of the quinonm complmxrs which resul ts  from thm s im i la r i t y  
of metal and srmiquinone o rb i ta l  energies that  i s  found i n  s i tuat ions where 
both metal and ligand are paramagnmtic i s  temperature depmndent magnetic 
bmhavior ( r m f .  4 ) .  This resul ts  from magnmtic coupling between mmtal and 
paramagnetic l igand which i s  qua l i ta t i ve ly  s imi lar  t o  thm magnetic exchangm 
interact ions more commonly obsmrved fo r  polymetall ic complexes. I n  t h i s  
rmport wm dmmcribe additional resu l ts  obtained recently i n  our invmmtiga- 
tionm on iron-quinone complexms and we present new information on the 
propertimm of complmxes prepared with a Schiff basm biquinone ligand. 
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EXPERIMENTAL 

The quinone ligand urmd in this investigation was 3,5-di-t-butyl-1,2- 
benzoquinonm (DBBQ). Reactions wmre carried out using DBBP and Fm(CO)o in a 
2el molar stoichiommtry in toluene solution to give a dark blum complmx of 
composition Fe(DBBQ)=. Thm complex was charactmrizmd using spmctroscopic 
and crystallographic mmthods. Mossbauer mpmctra and variablm temperaturm 
magnmtic susceptibility measurements were made in collaboration with thm 
group of Profmsmor D. H. Hendrickson at the University of Illinois. Only 
small crystals wmre obtained for the complex. However, space group analysis 
and thm results of a very rough structurm determination using only 488 
observed reflections indicatmd that the complmx was isostructural with 
CMn(DBSP)=I~ and providmd approximatm valums for the Fe-Fe separationm in 
thm tetramer. 

Neutral complexes containing the S,S-di-t-butyl-1,2-quinone-l-(2-hydroxy- 
S,S-di-t-butylpheny1)imine anion (Cat-N-BQ) were prmpared by treating a 
solution containing 3.5-di-t-butylcatechol and aqueous ammonia with thm 
salt of a divalent metal (ref. 5 ) .  Metals used in thim investigation in- 
cluded Fe, Mn and Co. Bis complexes of the tridentatr ligand were obtained 
by this procmdure and wmrm characterized using spmctroscopic, magnmtic, 
electrochmmical, and crystallographic method.. 

IRON COMPLEXES OF 3,5-DI-t-BUTYLSEMIQUlNONE A N D  3,5-DI-t- 
BUTYLCATECHOL 

The study of magnetic exchange interactions between metal ions and paramag- 
netic organic radicals is a topic of growing interest am the physical 
properties of metal complexes in biological systems becomm known. In par- 
ticular, studies on mlmctron transfer within Photosystmm I 1  of the 
photosynthetic unit of plants and within the reaction cmntmrs of photosyn- 
thetic bacteria indicate intermediate species with both thm primary (Be) 
and secondary (Qa) quinone acceptore coupled antifmrromagnetically as 
semiquinones to a high-spin iron(11) center (ref. 6). Loss of EPR signal 
obsmrved in experiments carried out at low tempmrature has bmen attributed 
to formation of a transient Qn--Fe-Qr- species (ref. 7). 

The tris(semiquinone)iron(JII) complexes were among thm earliest examples 
of simple chemical systems where iron-radical magnetic exchangm interac- 
tions could bm studied (rmf. 6 ) .  Thesm complexes show tmmpmraturm-dependent 
mffective magnmtic moments ( p , + + )  with S=l ground states arising from 
antifmrromagnetic coupling between thm S=S/2 metal ion and thm three 9 ~ 1 1 2  
ligands. The Fe(SP)r complmxes wmre prmpared by trmating Fm(CO)s with a 
slight excess of the benzoquinone form of thm ligand. When carrimd out 
using 3,S-di-t-butyl-l,2-benzoquinonm, the reaction producmd the gremn 
Fe(DBSQ)= complex. Thm exchange intmraction in this complmx is rmlatively 
strong, resulting in a temperature-invariant (4.2-2SSK) p-+* of 2.82 pm. If 
this synthetic procedure is carried out using an Fmrquinone ratio which i m  
lmss than 113, a dark purplm complex is formed. Elemental analysms and thm 
results of a preliminary crystallographic invmstigation indicate that the 
complex forms with two quinone ligands per metal ion in a tetrammric 
molecule which is isostructural with thm Mn(II), Co(II), and Ni(I1) com- 
plexes M4(DBSP)- rmported earlier and shown in Fig. 1. Characterization of 
the complex using Mossbruer spmctroscopy at 100'K gives the spectrum shown 
in Fig. 2, which is best fit with two quadrupolm-split doublmts with isomer 
shift valums of 0.476(2) and 0.466(1) mm/s (vs. iron foil) and quadrupolm 
splitting parammtmrs of 1.714(2) and 1.304(2) mm/s, respmctivmly. 

U Volocity (mm/rec) 
Fig. 1. Innmr coordination structure Fig. 2. Hosmbauer spmctrun of 

of the M4(DBSQ)1, and Fm4(DBSP)4(DBCat)*. 
Fe4 (DBSQ) (DBCat) 4 tetrammrs. 
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Fig. 3. Temperature dependence 
of the magnetic moment of 
FO+ (DEBPI + (DBCat) + a  

These parameters are indicative of high-spin ferric iron, and compare well 
with values obtained on other ferric semiquinone complexes (ref. 8 and 9 ) .  
In contrast with the series of isostructural tetrameric semiquinone com- 
plexes, M+(DBSQ)=, M= Mn, Co, Ni, the iron analog has charge distribution 
Fe4(DBSQ)+(DBCat)+ (ref. 10 and 11). In this form, each unit of the 
tetramer contains six unpaired electrons due to the 8=W2 metal ion and the 
semiquinone radical, and the tetrameric molecule contains 24 unpaired 
electrons. At 321'K the magnetic moment of the complex was determined to be 
5.94 p m  per tetrameric Fe4(DBSQl+(DBCat)4 unit. This value clearly shows 
evidence of antiferromagnetic spin coupling, and as the mample temperature 
is decreased to S.0.K pI+'+ drops to 0.72 pm per tetramer as shownin Fig. 3. 
Further, the slope of the p~ vs T curve is clearly directed toward a fully 
coupled, diamagnetic spin state at a somewhat lower temperature. This 
unprecedented magnetic behavior requires both iron-smmiquinone and iron- 
iron antiferromagnetic exchange interactions. 

Structurally, the tetramer consists of two coplanar Fe3 triangles sharing a 
common edge. Figures showing the structural features of the Mn, Co and Ni 
tetramero have appeared in previoue publications (ref. 4, 10 and 11). While 
our structural characterization on Fe4(DBSQ)+(DBCat)4 has not been of the 
quality to allow distinction between semiquinone and catecholate ligands 
and it is possible that ligands of different charge are disordered in the 
structure, it is clear that the FR-FR separations are similar to the Co-Co 
separations of CO+(DBBO)~. The Fe-Fe separation between metal atoms related 
by crystallographic inversion symmetry along the edge common to both tri- 
angles is 3.15(2)A, slightly shorter than the other two edge values of 
3.27(2) and 3.42(3)&. In the Co and Ni tetramers where the metal- 
semiquinone antiferromagnetic interaction is the etrongeet the magnetic 
moment per tetramew decreases from 9.16 and 8.69pa, respectively at 2S6*K, 
to 4.63 and 5 . 7 3 ~ ~  at 4.2.K. and exchange between bridged M(DB!EIO)~ units 
was observed to be insignificant (ref. 4) .  In the Mn tetramer, Mn4(DBBQ)rr 
the magnetic moment per tetramar increases from 1 0 . 2 ~ -  at 286.K to 1 1 . 3 ~ ~  
at 10-K and the interaction between adjacent 5=5/2 metal ions appears to be 
weakly ferromagnetic (ref. 10). The contrast between this result and the 
iron tetramet- is quite striking. Structural features of the tetramers 
include quinone oxygen atom bridges between adjacent metal ions. The mag- 
netic properties of the iron tetramer, in comparison with the Mn analog, 
seem to indicate that reduction of bridging semiquinone ligands markedly 
changes the nature of the exchange interaction between metals. 

COMPLEXES CONTAINING A SHIFF BASE BlQUlNONE LIGAND 
Treatment of an ethanol solution containing 3,s-di-t-butylcatechol with 
concentrated ammonium hydroxide in air leads to formation of the 5,S-di-t- 
butyl-1,2-quinone-l-~2-hydroxy-5,5-di-t-butylphenyl~imine anion (I, Cat-N- 
BQ). When carried out in the presence of a divalmnt metal ion neutral 
complexes of form M(Cat-N-BP)3 can be formed (ref. 5 ) .  One-electron oxida- 
tion and reduction of (I) + + + +  

0 U V 

Cat-N-BQ (1) 60-N-BQ (11) Cat-N-SP I I I 1 
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lmadr to formation of thm noutral SQ-N-EQ radical (11) and thr Cat-N-89 
radical dianion (III), respectivmly. Both radical form8 of ( I ) ,  as well a8 
other forms of higher and lower Charge, may potentially contribute to the 
coordination propmrtirs of thi8 intrrrsting ligand system. Whon this reac- 
tion is carried out in the presence of Fm", the Fe(Cat-N-EO)= complrx is 
formed. The room temprrature magnetic moment of the complex is 5.25 p - ,  and 
the results of a molecular mtructure determination (Fig. 4) show Fe-0 and 
Fe-N lmngthm of 1.987 (1) and 2.117 (1) A,  respectively. These features are 
conmictrnt with the Fezx (Cat-N-BQIn 

Fig. 4. Molmcular 
Fo (Cat-N-EQ) (Cat- 

structure of 
-N-SQ). 

form of the complex. However, the Mossbauer spectrum shows an isomer shift 
of 0.4164(51 mm/sec and quadrupolar splitting of 0.479(1) mm/rec, values 
which clearly indicate Fe(II1). The complex must, therefore, contain mixed 
charge ligands, Fmzsz(Cat-N-SQl (Cat-N-BQ), and the value for the magnetic 
moment must result from antiferromagnetic coupling between the S= 5/2 metal 
and the S= 1/2 radical ligand. No structural difference was found between 
ligands, Suggesting charge delocalization over the entire organic region of 
thr molecule. 

Intermst in metal complexms which may bmar similarity to the polynuclear 
manganese complex which serves a5 the catalytic agent for water oxidation 
in Photosystem 1 1  of thm photosynthetic unit has focused upon high oxida- 
tion state complexes of manganese (ref. 121. Catecholate ligands have barn 
shown to form stabile complexes of manganese(1V) in the absence of strongly 
bound 0x0 ligands (ref. 13 and 14). We have additionally reported in- 
tramol ecul ar manganese-quinone el ec t r on transfer for 
trans-MnZV (py) s (DECat) with the 3,5-di-tert-butylcatecholate 1 igande 
changing in charge from catecholate to semiquinone as the metal ion changes 
from Mn(1V) to Mn(I1) (mq. 11 (ref. 10). The stability of Mn(II), Mn(II1) 
and Mn(1V) complmxes (ref. 10, 14 and 15) containing catmcholate 

MnxV(py)2(DBCat)2 # MnZ* (py)2(DBSQ)2 (eq. 1) 

and semiquinone ligands with the possibility for varying metal ion oxida- 
tion state by intramolecular electron transfer makes manganese quinone 
complmxrs reasonable functional models for biological manganere metalloen- 
zymes. 

When the 3,s-di-t-butylcatechol Schiff base condensation reaction is 
carried out in the presence of Mn(I1) ion, a dark green complex is formed. 
Crystals of the complex obtained by slow evaporation of a toluene solution 
have bmen sxamined crystallographically. The results of this structurm 
detrrmination 8hOW that the molecule has the same general mtructure found 
for the iron complex. The Mn-0 and Mn-N lengthr of 1.896(5) and 1.910(5)& 
are much shorter than values expected for MntII), but compare well with Mn- 
0 and Mn-N valums of 1.854(2) and 2.018(3) found for thm Mn(1V) center of 
tron.-Mn(py)n(DBCat)=. CIS a complex of Mn(1V) both ligands would be in the 
rrducmd dianionic radical form (111, MnzV(Cat-N-SQ)r, with reduction 
rmsulting from transfer of two electrons from the metal, one to rach ligand 
(rq. 2). 

Mnxz(Cat-N-BP)2 + Mn=V(Cat-N-SQ)2 (eq. 2) 

CIS bmfore, structural fraturmr of the ligand6 givmn in Table 1 indicate 
charge dmlocaliration over the entire un8aturated rmgionj C-0 and C-N bonds 
are of longth8 which are intermediatr bmtwmen double and singlo bond 
val ues . 
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As a complex of d3 Mn(IV), which also contains two paramagnetic organic 
ligands, intramolecular spin-spin coupling between ligands and metal may 
occur as found in the iron complex and in semiquinone complexes of paramag- 
netic metal ions. In solid state at room temperature Mn(Cat-N-SQ)a has a 
magnetic monent of 1.79 p., consistent with a S-1/2 magnetic ground state. 
Thir must arise from strong antiferromagnetic coupling between the two 
8=1/2 ligands and the S=3/2 metal ion. The isotropic EPR spectrum of the 
complex, shown in Fig. 5 ,  is contmred about a <g> value of 2.013, and shows 
coupling of 104 0 to the I-5/2 aaMn nucleus and coupling of 3.8 0 to the 
two equivalent 14N nucleii. In a tolumne-chloroform glass at -196.C an 
anisotropic spectrum is obtained which has parameters of 911 of 1.977, gl of 
2.040, All of 153 0 and C I l  of 84.2 0. The electonic spectrum is dominated by 
four strong charge transfer bands in the UV and visible regions at 
346(22,000), 476 (11,200), 586(10,000), and 900(9,30O)nm. The close energy 
separation betwmen metal and ligand electronic levels gives rise to three 
intense transitions at 1087(4,800), 3200, and 1268(4,30O)nrn in the near 
infrared. Cyclic voltammograms on the complex show a reversible one- 
electron oxidation at +0.208V (vs. Fc/Fc*) and two reversible one-electron 
reductions at -0.945 and -1.484 V. Oxidation of the complex appears to 
occur at the ligand to give the mixed-charge ligand cation 
MnxV(Cat-N-EQ) (Cat-N-SO)', reduction occurs at the metal to give the 
Mn(1II) and Mn(I1) forms of the complex. None of these species has yet been 
isolatmd and characterized, however. 

Fig. 5. Isotropic EPR spectrum of Fig. 6. Isotropic EPR spectrum of 
Mn (Cat-N-SO1 2. Co(Cat-N-BQ) (Cat-N-SO). 

Our formulation for the complex as containing Mn(IV) is based primarily on 
the structural and magnetic properties of the complex, but other valence 
tautomerr exist. A second form consisting of two diamagnetic ligands of 
form (I) chelated to a low spin Mn(I1) center must be considered as a 
possibility. However, this spin state is only found with very strong field 
ligands, cyanide and isocyanides, and Mn(I1) complexes of ligands with 
similar structures, terpyridine and 2,6-diacetylpyridine dioxime, are 
exclusively high spin. An additional charge distribution which is consis- 
tent with the magnetic property of the complex would contain d1 Mn(V1) 
chelated by two reduced ligands in the form of the bis(2- 
hydroxyphsny1)amide trianion, Mn(Cat-N-Cat)a. However, the structural 
features of the ligands show C-0 and C-N bond lengths which are shorter 
than single bond values, lengths which are more in accord with radical 
ligands characterized structurally in complexms containing other metal 
ions. 

Schiff base condensation of 3,s-di-t-butylcatechol molecules in the 
preoence of Co=+ loads to the neutral bistbiquinone) complex which is 
structurally similar to the Fe and Mn complexes. Bond lengths of 1.896(5) 
and 1.868(5)A for the Co-0 and Co-N bonds are clearly indicative of Co(1II) 
rather than Co(II), and a charge formulation with mixed-charge ligands, 
CozXx(Cat-N-BO) (Cat-N-SO), is rmquired. In accord with this charge dis- 
tribution the complex has a magnetic moment of 1.92 ps indicating a single 
unpaired electron, which in the Co(I11) formulation would be contained in 
an orbital localized on the ligands. The EPR spectrum of the complex shown 
in Fig. 6 is centered about a g value of 1.9974 and consists of 16 liner. 
This spectrum arises from an eight line pattern due to coupling to thm -.Co 
(I= 7/2) nucleus of 9.3 0, with additional coupling to a single ring 
proton, of 3.4 0. Coupling to a single ring proton requires a considerably 
more localized electronic structure for the ligand than might be expected 
from the structural features of the complex. Structural characterization on 
the Ni(I1) complex which has the Ni(Cat-N-BQ)= charge distribution has 
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Tablm 1. Summary of structural  fmaturms of Schiff base biquinone complexes. 

Mn (Cat-N-SP) Co (Cat-N-BPI Fe (Cat-N-BP) N i  (Cat-N-EP) 
(Cat -N-SP 1 (Cat-N-SP) 

c-0 
C-N 
C-C( I )  
c-c (2) 
C-C(3) 
C-C(4) 
c-c ( 5 )  
C-C(6) 

1.325 (7) 
1.380 (7) 
1.417(8) 
1.408 ( 8 )  
1.380 (9) 
1.412(8) 
1.367 ( 8 )  
1.410 (9) 

1.305 (7) 
1.361 (6) 
1.445 (7) 
1.450 (7) 
1.376 (7) 
1.416(7) 
1.360 (7) 
1.419(7) 

1.287 (3) 1.264 ( 5 )  
1.357 (31 1.344 ( 5 )  
1.452 (3) 1.464 (4) 
1.430 (3) 1.450 (4 1 
1.368 (4) 1.353 (4) 
1.420 (4) 1.429 (4) 
1.355 (3) 1.344 (41 
1.420 (3) 1.430 (4) 

recmntly bemn complmted and a summary of  l igand bond lengths fo r  a l l  four 
mtructurr dotarminations appmars i n  Tabla 1. 

These valumm show that am l igand oxidation increases from Mn(Cat-N-SQ)r t o  
Ni(Cat-N-BP)r bond lengths fo r  thm C-C bonds of the r ings approach local- 
ized suinone values. Bonds a t  the 3 and 5 r i n g  positions i n  thm drawing 
above approach local ized double bond values i n  N i  (Cat-N-BQ)= ind icat ing a 
fa r  more local ized l igand electronic structure than might be expected. This 
localized l igand structure may be rerponoible fo r  the surprising coupling 
pattern observed fo r  the EPR spectrum of Co(Cat-N-EP) (Cat-N-SGI). 
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