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contributes to the overlapping of the Cu ' iCul i /Cui 'Cu '  and 
C u "C u i  / Cu'C u redox steps. 

Comparisons of the EPR spectra i n  solution and i n  the solid 
state, Figurc 5. afford further evidence for localized oxidation 
statcs w i t h i n  the dinuclcar unit. The  powder spectrum (Figure 
5a)  consists of onc broad. ncarly isotropic signal (AHlo, = 225 
(2 )  G )  centered ;it sa, = 2.079 (3) .  The  second derivative tem- 
pcraturc-dcpcndcnt line shape docs not give evidence to any change 
in spectral shape. with no appearance of hyperfine splitting. This 
stronglj indicates the presence of remarkable magnetic coupling 
betv.ccn the Cu( l l )  centers i n  the tetrameric unit.43 In  contrast, 
as cxpcctcd for one unpaired clcctron residing on thc Cu(2 )  
a t o 1 1 i , ~ ~ - ~ ~ . ~ ~  the glassy spectrum reveals a well-resolved' axial 
structure (g, > ,ql) with the hyperfine parallel components cen- 
tered at g,  = 2.342 (3 )  with .4 = 133 (3 )  G. The unresolved 
perpendicular absorption cxhibits a relatively sharp linc (AHL 
= 70 ( 2 )  G )  Lit g, = 2.088 (3 ) .  A g,,ovalue of 2.173 (3)  can be 
thus computed. At room tcmpcraturc the spectrum cxhibits a 
poorly resolved linc shapc = 140 ( 2 )  G )  centered at  giso 
= 2.165 ( 5 ) .  

Figurc 6 gives the X-band EPR spectra recordcd both at  liq- 
uid-nitrogen and anibicnt tcnipcraturc on a D M S O  solution of 
CuZ(iiiciiii)Br, aftcr exhaustive one-electron anodic oxidation to 
thc corrcsponding Cu"Cuii  congener. The  glassy spectrum is 
indicative of the presence of two copper( 11) centers, magnetically 
nonintcracting. I t  is characteristic of axial structures (g1,: < g, 1 2 ) .  

The line shape of the parallel region provides evidence for a "four 
plus four" hyperfine puttcrn attributable to two distinct cupric 
ccnters. The spectroscopic parameters indicate the presence of 
the untouched Cu(2)  center (giI = 2.346 (3), g, = 2.088 (3) ,  A 
= 132 (3)  G) together with the hyperfine parallel absorptions of 
thc no\+ o u i d i ~ d  Cu(  1 )  ccntcr ( g  = 2.400 (3) .  gI -- 2.097 (3) .  

Ail = 116 (3)  G ) .  The  calculated gisovalue is 2.198 (3), with a 
broadening of the perpendicular absorption (AHl = 90 (3) G )  
with respect to the one of the mixed-valent precursor. The  
room-temperature spectrum is not resolved, but the increase in 
the overall linewidth (AHis = 185 (2) G; g,, = 2.160 (5)), together 
wi th  the shift of the g, value in the glassy state agree with the 
interpretation of the spectrum as  the sum of two distinct con- 
tributions from two noninteracting cupric species. 

Finally, the apparent quasi-reversibility of the Cu"Cu"/ 
Cu"Cu'/CuiCu'  electrochemical sequence must be considered. 
Departure from electrochemical reversibility may be taken as  a 
probe for the occurrence of significant molecular reorganizations 
upon electron transfers.45 However, in the case of dinuclear 
species, the peak-to-peak separation LE, has to be related not only 
to the extent of electrochemical reversibility, but also to the extent 
of overlapping of the two one-electron transfers. On the bases 
of the actual data,  it is hardly appropriate to speculate on the 
stcreochcmical reorganizations that will accompany oxidation to 
Cu"Cu" or reduction to C U ~ C U ' .  Attempts to grow crystals of 
such congeners i n  order to evaluate the precise structural rear- 
rangcment accompanying these redox changes have not been 
successful as  yet. 
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Perrhenatoiron( I l l )  tetraphenylporphyrin has been isolated as its toluenc solvate and characterized by using magnetic susceptibility, 
I R  and Mossbauer spectroscopy, and single-crystal X-ray diffraction. Crystal data at 20 O C  are a = 12.228 (3) A, b = 12.235 
( 3 )  A .  e = 15.968 (4) A. (Y = 88.35 (2)O, @ = 103.67 (2)O. y = 113.18 (2)'. Z = 2. and space group Pi. The iron atom is shown 
to bc pcntacoordinatc with t h e  pcrrhcnate ion bound in  a monodentate arrangement. The average Fe-N distance is 2.059 (7) 
.4. and thc Fc-0 bond distancc is 2.024 (9) A. The toluene molecules arc present at a 43O angle to the porphyrin plane. No  
n-bonding bctwccn the solvent and porphyrin or between porphyrin moieties is evident. Two R e 4  stretching and bending vibrations 
,it 911. X27 mi-' and at 336. 321 cm-I. respectively. also support the  monodentate coordination of the perrhenate. The compound 
h r i >  a inagnciic moment of 5 .5  pB a t  298 K arising from a quantum-mechanical admixture of S = 5 / 2  and S = 3 / 2  iron spin states 
111 uhich thc  '/, s ta te  predominates. The 78 K Mossbauer spectrum shows a quadrupole doublet with parameters consistent with 
[Ilk adiiiixturc. and thc spectral line ahapc ma) indicate the presencc of electronic relaxation between the two states on the 
Mosbbriucr tiiiic ~ ~ c a l c .  

Introduction 
Over the past decade, paralleling the rise in interest in me- 

talloporphyrin chemistry, several iron(ll1) porphyrin compounds 
posuessing oxyanionic ligands in the axial position have been 
characterized. A primary motivation for this work arose because 
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hemoporphyrins with oxygenated ligands provide a framework 
for understanding important biological systems containing Fe-0 
bonds, and much novel coordination chemistry has been realized 
as well. 

Solid-state structural characterization of iron( I l l )  porphyrins 
with the oxyanions CI04-, NO3-, CH3COc, OR-, OTeFS-, 
and OSO,H- has provided examples of monodentate, simple 
bidentate, and bridging bidentate coordination of the oxyanion.'-I0 

( 1 )  Reed. C. R.:  Mashiko, T.: Bentley, S. P.; Kastner. M. E.; Scheidt, W. 
R.; Spartalian, D.; Lang, G. J .  Am. Chem. Sot. 1979. 101, 2948. 
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Table 1. Crystallographic Data for Fe(TPP)(OReO,)C,H, 
chem formula ReFe0,N,C5,H3, 
a = 12.228 (3)  A 
h = 12.235 (3) A 
c = 15.968 (4)  8, 
( Y  = 88.35 (2)'  
p = 103.67 (2)" 
y = I13.1R (2) '  

2 = 2  
v =  2128 ( I )  A3 

fw 1010.9 
space group Pi 
T =  2 0 *  I 'C 
X = 0.71073 A 
pcalcd = 1.577 g/cm3 
1 = 32.70 cm" 
R ( F J  = 0.0595 
R,(F;) = 0.081 1 
transm coeff = 0.757-1.000 

In  addition to th i s  vnricty of coordination modes, some Fe(por- 
phyrin)X. where X is an oxyanion. compounds have shown pure 
high-spin. S = 5 / 2 .  states while others have admixed quantum S 
= 3 / 2  and 5 / 2  iron(ll1) spin states.'-1° Of particular interest has 
been Fe"'(TPP)(OCIO,), which exhibits an intermediate-spin state 
that has been accounted for by using quantum admixed spin states 
and which serves as a model compound of the naturally occurring 
ferricytochrome c'.'.*-'' Consequently, it was of interest to examine 
thc effect of the Reo; ligand, which possesses a geometry similar 
to that of Clod- but  a slightly better coordinating ability, on the 
stcrcochcmistry and iron spin statc. Fc(TPP)(ReO4) has been 
prcparcd prcviously i n  solution, and its pyrrole proton chemical 
shift valucs havc bccn iiicasurcd.l2 

Our goal has been to characterize Fe(TPP)( Reo4)  by utilizing 
IR spectroscopy, magnetic susceptibility, X-ray diffraction, and 
Mossbauer spectral techniques to determine its spin state, coor- 
dination number. molecular structure, and packing arrangement 
and to compare those findings with the properties of its congeners. 

on thc control of spin statcs i n  thcsc systems and thc otherI4 
organizing Lind discussing thc stcrcochcmistry of mctallotetra- 
pyrrolcs. 
Experimental Section 

Materials. Rcnctions wcrc carried out in freshly distilled solvents, 
which wcrc dcpnsscd bcforc use. Fe(TPP)CI was obtained from Strem 
Chcmicals. Inc.. Ncwburyport. MA, Othcr chemicals used were of 
rciipcnt priidc. 

Preparation of Fe(TPP)(ORe03). AgRe04 was refluxed with Fe(T- 
PP)CI in bcn7ene for 3 h. the solution filtered. and the benzene removed 
a t  room tcmpcrnturc. Thc rcsulting purplc compound was dissolved i n  
15 nil. of chloroform. thc solution filtered. and the chloroform removed 
at room tcmpcrnturc. Thc resulting blue-brown precipitate was washed 
in hcuanc and dricd ovcrnight i n  vacuo at 50 "C. An 87.09 yicld was 
obtaincd for thc nonsolviitcd Fc(TPP)(ORcO,) based on Fc(TPP)CI. 
Anal .  Ciilcd for C44H28N404FeRe: C. 57.52; H. 3.07; N. 6.10. Found: 
C. 57.67: H.  3.1 3: N ,  6.04. 

Preparation of Fe(TPP)(OReO,).tol. Fe(TPP)(ORe03) was recrys- 
talli7cd from tolucnc iind the product dried in vacuo at 50 "C overnight. 
Annl.  Cnlcd for C,,H3,N404FeRe: C. 60.59; H. 3.59; N.  5.54. Found: 
c, 60.47: ti, 3.63: Y .  5.54. 

Crystal Structure. Dnrk purplc crystals were obtained by slow evap- 
oriition of ;I CH2Cl.z/toluenc solution. A crystal of dimensions 0.32 X 
0.50 X 0.66 mm was glucd with epoxy cement to the inside of a sealed, 
thin-walled glass capillary. X-ray data collection ( M o  Kru radiation), an 
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Table I I .  Atomic Positional and Isotropic Equivalent Thermal 
Parameters for Fe(TPP)(ORe07).C,Ha 

~~ 

atom X 

0.35565 ( 5 )  
0.3315 ( I )  
0.3982 (6) 
0.2135 (9) 
0.459 ( I )  
0.364 ( I )  
0.4437 (7) 
0.4318 (7) 
0.1907 (7) 
0.2002 (7) 
0.431 ( I )  
0.541 ( I )  
0.622 ( I ) 
0.5596 (9) 
0.6106 (9) 
0.7431 (9)  
0.770 ( I )  
0.888 ( I )  
0.982 ( I )  
0.960 ( I )  
0.835 ( I )  
0.550 ( I )  
0.602 ( I  ) 
0.510 ( I )  
0.4089 (9) 
0.3024 (9) 
0.2965 (9) 
0.248 ( 2 )  
0.250 (2) 
0.295 ( 1  ) 
0.335 ( I )  
0.337 ( I )  
0.2019 (9) 
0.091 ( I )  
0.012 ( I )  
0.0766 (9) 
0.0255 (8) 

-0.1010 (8) 
-0.2042 (9) 
-0.3209 (9) 
-0.332 ( I )  
-0.230 ( I )  
-0.113 ( I )  
0.08 19 (9) 
0.0229 (9) 
0. I084 (9) 
0.2184 (9) 
0.3267 (9) 
0.3312 (9) 
0.306 ( I  ) 
0.315 ( I )  
0.347 ( I )  
0.371 ( I )  
0.362 ( I )  
0.009 ( I )  

-0.030 ( I  ) 
0.055 ( I )  
0.179 ( I )  
0.218 ( I )  
0.133 ( I )  

-0.077 (3) 

y 
0.02541 (5) 
0.2733 ( I )  
0.1758 (6) 

-0.0490 (9) 
0.01 I ( I )  

-0.0339 (9) 
0.4459 (6) 
0.2923 (7) 
0.1390 (7) 
0.2957 (7) 
0.5128 (8) 
0.6164 (9) 
0.6167 (9) 
0.5078 (8) 
0.4757 (9) 
0.5552 (9) 
0.639 ( I )  
0.708 ( I )  
0.700 ( I )  
0.616 (2) 
0.542 ( 1  ) 
0.3789 (9) 
0.351 ( I )  
0.247 ( I )  
0.2126 (9) 
0.1 I I8 (9) 
0.033 ( I )  
0.053 (2) 

-0.018 (2) 
-0.104 (9) 
-0.123 ( I )  
-0.055 ( I )  

-0.027 ( I )  
-0.0316 (9) 

0.0769 (9) 

0.0748 (8) 
0.1054 (8) 
0.021 1 (8) 
0.0411 (9) 

-0.044 ( I  ) 
-0.143 ( I )  
-0.159 ( I )  
-0.078 ( I )  

0.2099 (8) 
0.2491 (9) 
0.358 ( I )  
0.3850 (8) 
0.4851 (8) 
0.5685 (9) 
0.668 ( 1  ) 
0.747 ( I )  
0.728 ( I )  
0.628 ( I )  
0.545 ( I )  
0.618 (2) 
0.495 (2) 
0.447 (2) 
0.521 ( 2 )  
0.643 (2) 
0.692 (2) 
0.673 (3)  

2 

0.19165 (4) 
0.26327 (8) 
0.2062 (4) 
0.1274 (7) 
0.1437 (8) 
0.2894 (7) 
0.251 1 ( 5 )  
0.3893 (5)  
0.3019 (5) 
0. I650 (5)  
0.1791 (6) 
0.1869 (8 )  
0.2623 (7) 
0.3021 (7) 
0.3808 (7) 
0.4241 (7) 
0.489 ( I )  
0.528 ( I )  
0.5052 (9) 
0.439 ( I  ) 
0.3974 (9) 
0.42 I8 (6) 
0.5057 (7) 
0.5251 (7) 
0.4508 (6) 
0.4452 (6) 
0.5203 (7) 
0.585 ( I )  
0.659 ( I )  
0.6641 (9) 
0.599 ( I )  
0.5250 (8) 
0.3752 (6) 
0.3686 (7) 
0.2904 (7) 
0.2500 (6) 
0.1703 (6) 
0. I227 (6) 
0.1285 (6) 
0.0836 (8) 
0.0363 (8) 
0.0300 (9) 
0.0751 (8) 
0.1326 (6) 
0.0537 (6) 
0.0408 (7) 
0.1095 (6) 
0.1 146 (6) 
0.041 5 (7) 
0.0512 (8) 

-0.015 ( 1 )  
-0.0866 (9) 
-0.0972 (8) 
-0.0301 (7) 

0.213 ( I )  
0.222 ( 1 )  
0.258 ( I )  
0.284 ( I )  
0.274 ( I  ) 
0.239 ( I )  
0.194 (2) 

v. A 2 0  

4.32 (2) 
2.13 (4) 
2.9 (2) 
7.5 (4) 
7.3 (4) 
6.6 (4) 
2.6 (2) 
2.6 (2) 
2.3 (2) 
2.3 (2) 
3.0 (3) 
3.8 (3) 
3.7 (3) 
2.9 (3) 
3.0 (3) 
3.1 (3) 
5.3 (4) 
6.0 ( 5 )  
5.5 (4) 
7.0 (6) 
5.7 (5) 
3.0 (3) 
4.3 (4) 
4.2 (3) 
3.0 (3) 
2.8 (3) 
3.2 (3) 
8.4 (8) 

5 . 5  ( 5 )  
5.9 ( 5 )  
4.8 (4) 
2.6 (3) 
3.4 (3) 
3.3 (3) 
2.6 (3) 
2.6 (3) 
2.6 ( 3 )  
2.9 (3) 
4.2 (4) 
3.9 (3) 
5.0 (4) 
4.6 (4) 
2.5 (3) 
3.0 (3) 
3.2 (3) 
2.7 (3) 
2.7 (3) 
2.9 (3) 
4.8 (4) 
5.7 ( 5 )  
4.4 (4) 
4.7 (4) 
4.3 (4) 

10.4 (6)b 
9.1 ( 5 ) b  

13.2 ( 8 ) b  
9.6 ( 5 ) b  
9.9 (6)b 

10 ( 1 )  

12.1 (7)b 
18 ( I ) b  

"Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as 4/3[a2P,l + b2@22 + c2& 
+ oh(cos -y)Plz + ac(cos @ ) P I ,  + hc(cos n)P13]. bRefined isotropically. 

empirical absorption correction based on six $ scans, and Lorentz and 
polarization corrections were carried out a t  Crystalytics Co., Lincoln, 
NE. All subsequent calculations were done on a VAX-I I1785 computer 
at ACU with use of the SDP-VAX and SHELX-76 software packages. Data 
collection and refinement parameters are  summarized in Table I .  

The structure was solved by analysis of a Patterson map. All non- 
hydrogen atoms were located and isotropically refined with use of the 
SDP-VAX softwarc. During the final stages of full-matrix least-squares 
refinement, it became obvious that the toluene molecule was slightly 
disordered with a secondary methyl group a t  low occupancy. All at- 
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tempts to refine a disordered model led to unreasonable bond distances 
and angles. Refinement was concluded with use of the block-diagonal 
Icabt-aquarca routinc o/' YHELX-76. and the toluene molecule was refined 
a h  21 rigid group. All non-hydrogen atoms except for those of the toluene 
molccule were refined anisotropically. No hydrogen atoms were included 
in  thc refinement. The final discrepancy indices were R = 0.059 and R, 
= 0 0x1. The highest peak ( I  ,234 e/,&') in a final difference Fourier m a p  
was t h e  x w n d a r )  nicthyl group of t h c  tolucnc molcculc as described 
abwc. The next pcaka (1.219 and 1.165 c/A1) wcrc Ichs t h a n  0.6 
A auay I'rolii t h c  i ron  a tom. A fourth peak ( I  .I00 e/A') was also close 
to thc toIucnc ~iioIccuIc. Thcrc wcrc no othcr peaks w i t h  heights above 
0.9 c / A 3 .  Tin,il ;itoiiiic coordiniitcs and  isotropic equivalent thermal 
parameter, a rc  given in  Table I I .  

Magnetic Susceptibility. Magnetic susceptibility measurements were 
pcrformcd :II 29X K on ;I C;thn/Vcntron R M - 2  electrobalance wi th  
HgCo(SC\), as Ihc  husccptibility calibrant. The measuremcnts were 
corrcctcd fur the  diaiiiagnctic susccptibilitics ( p  = 4.42 X 10" cgsu) of  
thc constituent atoms. Repeated measurements of several independently 
prepared r;implcs gave a magnetic moment of 5.5 f 0.1 pB at 298 K for 

Spectroscopic Veasurements. The IR spectra were measured as Nujol 
niu114 on C \ I  pl:itc\ w i th  ;I PE-9x3 IR spectrophotometer. The UV- 
viaiblc \pccir;i \+crc mcasurcd from 900 to 300 nm on M 
wlutions of Fc(TPP)(OReO,) in toluene by using a PE Lambda 5 UV- 
visible \pcclrophotomctcr [A,,, ( n m ) .  c :  688 nm. 2 X I O 3 :  571 nm. 2 X 
IO3 :  509 n m .  9 X IO'; 415 nm. 8.8 X I O 3 ] .  Nuclear magnetic resonance 
spectra ucrc  rccordcd in  chloroform on a General Electric QE-300 FT- 
N M R  hpcctroiiictcr opcrating a t  300.12 M H 7  at  room tcmpcraturc. 
rclcrcnccd t o  TMS. Thc Mossbauer spectrum was measured at 78 K on 
a conventional constant-acceleration spectrometer tha t  utilized a rhodium 
ni; i t r i \  cob;ilt-57 wurcc a n d  f & l .  Thc spectrum w#as f i t  by using con- 
vcntional Ic,iat-squarea conipukr minimization tcchniqucs wi th  onc 
quadrupolc duublct with I.orcnt7ian line shape components of equal area 
b u t  u i t h  diffcrcnt linc i r i d t h \  

Results and Discussion 
Infrared Spectroscopy of Fe(TPP)(ORe03).tol. IR spectroscopy 

has bccn successfully employed i n  characterizing oxyanion co- 
ordination niodcs.Is For XY, anions one broad, strong absorption 
gcncr:illy indicates that the anion serves an ionic function, whereas 
two sharper bands indicatc C3, symmetry and covalent mono- 
dentate coordination and three bands indicate CZl. symmetry and 
bidentate coordination. Previous studies place the v 3  perrhenate 
stretching modes in the region around 920 cm-1.15.16 In addition 
to perrhenate stretching bands, this spectral region may contain 
absorptions duc to T P P  and toluene vibrations. 

The IR spectrum of Fe(TPP)(OReO&tol was compared to the 
Fc(TPP)CI spectrumi7 in the 700-1 OOO-cm-' region (see Figure 
I )  in ordcr to locate the pcrrhcnatc bands. Two intense bands 
at  942 and 827 cm-l a re  assigned as perrhenate stretching vi- 
brations. Other bands appear i n  this region but a re  also present 
in the Fe(TPP)CI spectrum and are assigned as modes due to TPP 
motions. with the exception of the 728-cm-' band, which is assigned 
;is ;I tolucnc absorption because i t  also appears as  a strong band 
in the IR bpectruiii of These perrhenate stretching 
assignments a re  supported by the I R  spectra of [Co(NH3),(O- 
HI) ]  ReO4.2H2O and [Co(N H3),(OReO3)]CI2, which illustrate 
ionic and monodentate perrhenate coordination, respectively.I6 
The ionic perrhenate vibration occurs a t  890 cm-I i n  the cobalt 
hydrate but appears as two separate bands at  935 and 840 cm-l 
i n  the compound with coordinated perrhenate. 

In  addition. two bands appear in the 1j4 Reo,- r e g i ~ n ' ~ . ~ ~  of 
Fc(TPP)(ORcO,).tol at 336 and 321 cm-' but are not present in 
the IR spectrum o f  Fc(TPP)CI.  These are assigned as Re-0  
deformation bands. These 1 R spectral assignments clearly support 
monodentate coordination of the perrhenate in Fe(TPP)-  

Fc(TPP)(ORcO,)*tol. 
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dination Comporrnds. 4 th  ed.: Wiley Interscience: New York. 1986. 
Lenz. E.; Murmann.  R .  K .  Inorg. Chem. 1968. 7, 1882. 
Register. J.: Hutchinson. B. Unpublished results. 
Pouchert. C. J .  The Aldrirh Library of FT-IR Spectra, I st ed.: Aldrich 
Chemical Co.. Inc.: Milwaukee. WI, 1985; Vol. 2. 

(19)  Benciveni. L . :  Nagara thna .  H .  M.:  Gingerich. K .  A .  Chem. Phys. Let?. 
1983. 99, 258. 

(20) Varfolomeev. M. B.; Sharmarai. N .  B.; Bardin, V .  A.: Savel'eva, A. D.; 
Fomichev. V .  V .  Russ.  J .  Inorg. Chem. (Engl. Transl.) 1986, 31. 346. 
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Figure 1. Infrared spectrum of Fe(TPP)(OReO,).tol from I010 to 710 
cm-! 

Table Ill. Selected Bond Distances and Angles for 
Fe(TPP)(OReOl)C,H, 

Distances (A) 
Re-O(l) 1.71 I ( 7 )  Fe-N(I) 2.050 (7) 
Re-0(2) 1.694 (9)  Fe-N(2) 2.061 (7) 
Re-O(3) I .69 ( I  ) FeeN(3) 2.065 ( 7 )  
Re-O(4) 1.70 ( I )  FeeN(4) 2.060 (8) 
Fe-O( I) 2.024 (9) 

Angles (deg) 
O(l)-Re-0(2) 114.7 ( 5 )  O(I)-Fe-N(4) 104.5 (3) 
O(I)-Re-0(3) 105.0 (4) N(I)-Fe-N(2) 87.8 (3)  
O(I)-Re-0(4) 109.4 ( 4 )  N(I)-Fe-N(3) 156.0 (4) 
0(2)-Re-0(3) 108.3 (6) N(1)-Fe-N(4) 87.2 (3) 
0(2)-Re-0(4) 109.0 (5) N(2)-Fe-N(3) 86.6 (3) 
0(3)-Rc-0(4) 110.3 (6) N(2)-Fe-N(4) 154.3 (4) 
O(1)-Fc-N(I) 103.5 (3) N(3)-Fe-N(4) 87.8 (3) 
O(I)-Fc-N(Z) 101.2 ( 3 )  Re-O(1)-Fe 132.0 (4) 
O(I)-Fc-N(3) 100.4 (3) 

(ORe03)-tol, because the local C,, symmetry of the Fe(ORe0,) 
would provide two 1R-active Reo,  stretching and bending bands. 

Structural Features of Fe(TPP) (OReO,).tol. Important bond 
distances and angles for Fe(TPP)(OReO,).tol are given in Table 
I l l ,  and the molecular structure of the Fe(TPP)(OReO,) moiety 
is illustrated in Figure 2. The parameters of the iron coordination 
sphere include an Fe-0 bond distance of 2.024 (9) A, an  average 
Fe-N bond distance of 2.059 (7) A, and a displacement of the 
iron atom of 0.44 A from the mean plane of the four nitrogen 
atoms. Clearly, the iron atom is pentacoordinate and the per- 
rhenate ligand is monodentate. The  overall geometry is similar 
to that of the metalloporphyrin molecule in Fe(TPP)(OC103).  
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C d 9 Q + k d ,  Cd0 

Figure 2. ORTEP view of the structure of the Fe(TPP)(OReO,) molecule 
i n  Fe(TPP)(ORe03).tol. Ellipsoids are at the 50% probability level. 

\ I  
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Fipre  3. Illustration of the porphinato skeleton in Fe(TPP)(OReO,).tol 
showing the perpendicular displacements ( in  units of 0.01 A)  of each 
atom from thc  mean plnnc of thc corc. 

0.5xyl' (xyl  = m-xylene), but a variety of significant differences 
exist M hich a r c  discusscd bclow. 

A diagram of thc porphinato core that displays the perpen- 
d icuhr  displacements of each atom from the mean plane appears 
in Figure 3. The  core is almost planar, but is best described as  
a slightly foldcd "roof'21 with approximate C2 symmetry. In  
contriist. a ruffled conformation with approximate S4 symmetry 
was obscrvcd i n  Fc(TPP)(OC1O3)~0.5xyl .~ Maximum perpen- 
dicular displaccnicnts (cxcluding the iron atom) from the mean 
planc of thc corc arc  0.18 and 0.29 8, for Fe(TPP)(OReO,)-tol 
and Fc(TPP)(OCI03)~0.5xyl ,  respectively. Not  only is the por- 
phyrin corc mor t  ncarly planar in the perrhenate complex, but 
also thc phenyl groups are more nearly perpendicular to the core; 
thc averagc dihedral angle between the phenyl groups and the 
mcan plane of the core is 84.0 (3)O for Fe(TPP)(OReO,)-tol and 
78.7 (2)' for Fe(TPP)(OC1O3)~O.5xyI, These observations suggest 
that thcrc are significantly different crystal packing arrangements 
i n  thcsc two spccics. In  Fe(TPP)(OC1O3)~O.5xy1. the molecules 
pack in ;I porphyrin-solvate-porphyrin sandwich arrangement of 
esscntially parallel rings. with an average distance of 3.5 (f0.15) 
8, bctwccn thc ni-xylene carbon atoms and the porphyrin plane 
and with I / ?  mol of m-xylene/mol of porphyrin.' Figure 4 shows 
two vicws of thc packing of Fe(TPP)(OReO,) and toluene 
molcculcs i n  thc crystal. which has 1 mol of toluene/mol of 
porphyrin. Thc  Fc(TPP)(ORcO,)  molecules pack i n  a stair- 
stcp-like arrangement. The angle between porphyrin and toluene 
pluncs i s  43 ( 1 ) ' .  

Why should Fc(TPP)(OC1O3) and Fe(TPP)(ORe03) have such 
diffcrcnt crystal packing arrangements, especially since the Fe- 
0 - X  angles are  similar i n  each compound? An important con- 

(21)  Barkigia, K .  M.; Fajer, J. ;  Alder, A. D.; Williams, G. J .  B. Inorg. Chem. 
1980. I9. 2097. 
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Figure 4. Two views of the positioning of Fe(TPP)(ORe03) and toluene 
molecules in crystalline Fe(TPP)(OReO,).tol. Bolder lines are indicative 
of moieties that are closer to the viewer. (a) Top: view that is essentially 
perpendicular to the plane of the porphinato core. The closest distances 
from the iron atom to the toluene molecule and the TPP ligand are given 
in  angstroms. (b) Bottom: view from another perspective (at a right 
angle to the first view and parallel with the porphinato core) that shows 
the small extent of overlap between porphyrin entities. The molecule 
represented with lighter lines in part a is in  bolder lines in this figure, as 
i f  the viewer were looking up from the bottom of diagram a. 

sideration may be the fact that the perrhenate group is much larger 
than the perchlorate group. Interestingly, the unit cell volumes 
per non-hydrogen atom are  essentially the same (17.4 in the 
OReOy case and 17.3 A3 in the OC10,- case) indicating that there 
is no significant difference in the "looseness" of the crystal packing. 
Perhaps the full mole of the solvent in Fe(TPP)(OReOJ.tol just 
compensates for any additional space introduced by the larger 
oxyanion. 

Also of interest is the apparent lack of attractive *--A inter- 
actions that are  often observed in this type of system.14 There 
is neither face-to-face dimerization of porphinato moieties as  
observed in [ Fe(OEP)(OC1O3)I2 nor a-interaction from the solvent 
molecule as observed in Fe(TPP)(OC103)~0.5xy1. Consequently, 
an  important feature of the crystal structure of  Fe(TPP)-  
(ORe03).tol is the fact that  the iron atom is not even weakly 
coordinated to a "sixth ligand", as  in several other ostensibly 
five-coordinate iron(ll1) porphyrin species.I4 

Face-to-face *-interaction, in which pyrrole rings on opposing 
metalloporphyrins are attracted to one another, is characterized 
by a short mean plane separation and significant overlap of the 
two macro cycle^.'^ Both criteria are  absent in Fe(TPP)- 
(OReO,).tol. First, the perpendicular distance between the mean 
planes of T P P  groups is 4.55 A, compared to 3.51 A for [Fe- 
(OEP)(OCIO,)],. Second, there is little overlap of ring systems 
(see Figure 4b). The lateral slipI4 serves as a measure of the 
amount of overlap and is 6.66 8, in Fe(TPP)(OReO,) but only 
3.42 8, in [Fe(OEP)(OC103)]2.  

Several metal tetraphenylporphyrin complexes display a-com- 
plcxes with small aromatic molecules where the solvate and 
porphyrin planes are almost parallel. Scheidt and Lee note that, 
in these cases, "the metal atom is always an apparent point of the 
x interaction" and "an electron-rich carbon of the aromatic solvent 
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Table I V .  Important Parameters for Five-Coordinate I ron( l l1)  Porphyrin Compounds 
LFe-N,, LFe-core. Fe-O( 1-1. Ct'-N. av  Fe-N. magnetic 

compd A A A A A moment," k g  6.  mmjs LEQ, m m j s  %S = 3 / 2  ref 
f c ( T P P ) B i , C t 1 i 2  0.13 0.10 1.955 1.961 4.2 0.33 4.12 92 23 
f-c( OEP ) (  OCIO,) 0.26 0.26 2.067 1.977 1.994 4.7 0.37 3.57 8 2  2 
Pc( TPP)  (OCIO,) 0.2X 0.30 2.029 1.981 2.001 5.2  0.38 3.5 65 I 

r ~ ( T T P ) o , \ ~ *  0.485 0.52 1.898 2.010 2.067 5.9 not reported not reported 0 4 
Fc( TPP) ( OReO,) 0.44 0.48 2.024 2.011 2.059 5.5 0.43 1.32 20 f 10 this work 

f'c( T P P )  r 0.47 0.47 2.018 2.072 5.9 not reported not reported 0 28 

'Room tempcraturc. *((Acctato)(5.10.15.20-tetra-~-tol~1porph~rinato) i ron(f l1~,  

C 

2 5 . c -  ~ ~ : ' ~ + 
- 3  .* ., C 2 3 4 

S3LPCE ' L E _ S C I : Y  : q Y / S :  

Figure 5 .  Miissbauer spectrum of Fe(TPP)(ORe03).tol obtained at 78 
K .  

is always closc to thc mctnl atom".'4 But in the case of Fe- 
(TPP)(ORe03). tol ,  the angle between the porphyrin and toluene 
planes is 43O. as  compared to less than 12' i n  other systems.I4 
Thc  C(S4)  parit cnrbon atom of the toluene molecule is closest 
to thc iron ;itom a t  4.17 A.  However. the closest intermolecular 
contiicts of the toluene molecule are between perrhenate oxygen 
atonis Lind ;I tolucnc ortho carbon atom: 0(4) -C(S6)  3.38 (2)  
8, iind O(?)-C(S6) = 3.45 ( 3 )  A .  

Mossbauer Spectroscopy. The Mossbauer spectrum of Fe- 
(TPP)(OReO,).tol. obtained at  78 K,  is shown in Figure 5. The 
hypcrfinc paramcters of the quadrupole doublet are 0.43 mm/s  
for the isomer shift and 1.32 m m / s  for the quadrupole splitting. 
Thc doublet has equal-area component lines whose widths are 0.55 
m m / s  for thc low-vclocity component and 0.80 mm/s  for the 
high-vclocity componcnt. The observed percent absorption and 
thc Libsolute absorption area of 1.02 (% effect) (mm/s)  are small 
because of the fact that the absorber contained only 19 mg/em2 
of m:ttcri;ils. iis compared to the ideal absorber thickness of 59 
mg/cm2. iind because of the presence of rhenium, which has a 
ni;iss absorption cocfficicnt of 160 cm2/g  at  14.4 keV. In this 
study the absorber thickness was reduced because of the limited 
sample available. The observed hyperfine parameters are typical 
of iron( I 1 1 )  porphyrin complexes that are predominantly high-spin 
in ~ h a r a c t c r . ' . ~ ~ . ~ ~  However, the very different line widths observed 
for thc two componcnts of thc quadrupole doublet are very 
characteristic of electronic spin state relaxation24 on the Mossbauer 
time sciilc o f  s and may indicate the presence of some re- 
laxation bctwcen thc S = ,/? and S = 5 / 2  spin states even at  78 
K.  

Iron Spin State. As mentioned in the introduction both high- 
spin and intermediate-spin states have been observed in Fell'- 
(porphyrin)X systcms. For Fe(TPP)X compounds the room- 

( 2 2 )  Long. G. J. ;  Cranshaw. T.  E . ;  Longworth, G. Mossbouer Effect ReJ 
Da/cr J .  1983. 6. 42. 

(23 )  Gupta. G. P.: Lang. G.: Young, J .  L.: Scheidt. W .  R.: Shelly. K.: Reed. 
C .  R lrwrg.  Chem. 1987. 26, 3022. 

(24)  Grandjean. F Mossbauer Spectral Lineshapes in  the Presence of 
Electronic S t ~ i t c  Relaxation. I n  The Time Domain in Surfuce und 
.S/rirc,/irru/ Djfiuniic,,y: Long. G .  J.. Grandjean. F.. Eds.; K luwer  Aca- 
dciiiic Publ iaherb :  Boaton, M A .  1988: p 287.  

temperature magnetic moments have varied from 4.0 to 5.9 pB.25 
Intermediate-spin magnetic moment values in these compounds 
are  found i n  systems where the axial ligand X- provides a very 
weak field and poor coordinating ability. These have been ex- 
plained as arising from various quantum admixtures of S = 3 / 2  
and S = 5 / 2  states.' The amount of S = 3 / 2  state in Fe(TPP)X 
systems has been found to vary from 98% i n  Fe(TPP)(FSbF& 
C , H 5 F  ( p  = 4.05 p e ) 2 6  to 65% in Fe(TPP)(OCI03).0.5xyI ( p  = 
5.2 p e ) . '  

Where does OReO< fit in the spectrochemical series? Although 
there is but a limited amount of work with O R e 0 3 -  as a ligand, 
Lenz and Murmann have investigated the [Co(NH,),X](NO,), 
system, where X- is ORe03- ,  CI-, and OC103-.16 Their results, 
based on visible spectral measurements, showed that O R e O q  was 
near CI- i n  the spectrochemical series. They also found that 
O R e 0 3 -  and CI- were coordinated as  X- ligands i n  the [Co- 
(NH,) ,X](NO,) ,  system but OC103- was not coordinated. In 
this study, we have found that although OCIOq and OReO,- both 
coordinate to iron to form Fe(TPP)X, water (in the form of water 
of hydration) readily replaces the perchlorate, but not the per- 
rhenate, from the coordination sphere i n  [ Fe(TPP)X].2H20." 
Thus the order of the ligand field strengths is CI- > Reo,- > 
CIO;. where Fe(TPP)(OReO,) could exhibit properties reflecting 
a quantum-mechanical admixture of S = 3 / 2  and S = 5 / 2  spin 
states with a predominant amount of the S = 5 / 2  state. 

A variety of data  in both solid state and solution support this 
expectation. First, the solid-state room-temperature magnetic 
moment of 5.5 p B  is lower than that  expected and observed for 
pure high-spin forms ( p  = 5.9 p B )  but higher than that found for 
both the pure intermediate S = 3 / 2  spin state ( p  = 3.9 p B )  and 
the Fe(TPP)(OC103) system, which contains 65% S = 3 / 2  (p = 
5.2 p B ) .  Second, the chemical shift of the pyrrole protons at  60.6 
ppm for Fe(TPP)(ORe03) in CHCI,, first measured by Goff  and 
repeated in this work, falls near those of pure high-spin forms 
(70-75 ppm) but significantly above those found in compounds 
ki th  large amounts of the S = 3 / 2  state, e.g., 13  ppm for Fe(T- 
PP)(OC103).27 Third, although the Mossbauer effect hyperfine 
parameters are typical of the S = 5 / 2  spin state, the line shape 
does shoa  the presence of possible relaxation with the S = 3 / 2  
state. The structural parameters of these five-coordinate Fe- 
(TPP)X systems are  also consistent with the placement of per- 
rhenate between CI- and OCI03-  i n  ligand field strength. 

Reed' has predicted and shown that the ligand with the weakest 
interaction will provide the smallest amount of displacement of 
the iron from the porphyrin plane or four-nitrogen plane, the 
shortest Fe-N distance, the smallest porphyrin core hole (given 
by the Ct-N distance), and the longest Fe-X bond distance. Table 
IV compares these parameters for Fe(TPP)( ReO,).tol and several 
representative Fe(TPP)X systems. Arranging the compounds in 
order of the percent of S = 3 / 2  shows that  the perrhenate pa- 
rameters lie between those for admixed spin states with primarily 
the S = ' / 2  state and ful ly  high-spin states. The 0.44-A dis- 
placement from the four-nitrogen plane of the Fe in Fe(TPP)- 
(OReOJ is significantly greater than the Fe(TPP)Bl lCH12 (92% 
S = 3 / 2 )  value of 0. I3 AZ3 and near the 0.47 A value for high-spin 

( 1 5 )  Gupta ,  G. P.; Lang. G.: Reed. C. A.: Shelly. K.: Scheidt, W .  R .  J .  
Chem. Phys. 1987, 86. 5288. 

( 2 6 )  Shelly, K . :  Bartczak, T.; Scheidt, W .  R.; Reed. C. A.  Inorg. Chem. 
1985. 24, 4325 .  

( 2 7 )  Boersma. A.  D.: Goff, H .  M .  Inorg. Chem. 1982, 21 ,  581. 
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Fe(TPP)F.28  Column 5 in Table IV shows the hole sizes are 
essentially the same in Fe(TPP)(OReO,)  and the high-spin acetate 
system. But we can note that the average Fe-N distances increase 
from 1.961 A for  F e ( T P P ) B , , C H , ,  to 2.059 A for F e ( T P P ) ( O -  
RcO,)  to 2.072 for F e ( T P P ) F .  Also, in the cases where there 
a r e  Fc-0 bonds,  the  dis tances  decrease  i n  a monotonic  fashion 
f rom 2.067 A in F c ( O E P ) ( O C I O , )  to 2 .024  8, i n  F e ( T P P ) ( O -  
RcO,)  to 1.898 A in F c ( T T P ) O A c .  

s t a t e  i n  t h e  20 f 
10% range in t h e  admixture of S = 3 / 2  and S = spin s ta tes  
for  Fe(TPP)(OReO,) . tol .  which is t h e  smallest a m o u n t  thus  fa r  
reported for F e ( T P P ) X  intermediate-spin systems.  

T h e s e  d a t a  placc t h e  a m o u n t  of t h e  S = 

~~ 

(28) Anzai. K.; Hatano. K.; Young, J.  L.: Scheidt, W .  R. Inorg. Chem. 1981, 
20. 2337 
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Synthesis and Properties of Mixed-Valence Copper Molecules ( I ~ . - Y ) N ~ C U I ' ~ C U ~ ~ X ~  ( N  = 
N,N-Diethylnicotinamide; Y = 3,4,5,6-Tetrachlorocatecholate; X = CI, Br, I )  and the 
Products and Kinetics of Their Reactions with Dioxygen in Nitrobenzene 
Mohamed A.  El-Sayed*Sla and Geoffrey Davies*,lb 
Heceiced December 18. 1989 

Tetranuclear copper( I )  complexes [NCuX], ( N  = N,N-diethylnicotinamide; X = CI, Br, I (la-c, respectively)) react stoichio- 
nictricullq wi th  cquimolar 3,4,5,6-tctrachloro-I .'-benzoquinone (CI,BQ) under dinitrogen at  room temperature in methylene 
chloride or nitroben7ene to give tetranuclear mixed-valence copper products ( ~ - Y ) N , C U " ~ C U ' ~ X ,  (Va-c, respectively), where Y 
is 3.4.5.6-tetrachlorocatecholate. The electronic spectra of Va-c contain maxima in the region 750-820 nm that are due to their 
coppcr(l1) ccntcrs. The maximum molar absorptivities decrease as X is changed from CI to Br to 1 and the corresponding 
\ravclcngths dccrcasc whcn X is changed from Br to CI to I .  Molecules Va-c are oxidized by dioxygen i n  ambient nitrobenzene 

i th  stoichiometry -S[Vl]/[O,] = 2.0 f 0.1 to give tetranuclear mono(oxo)mono(catecholato)copper(ll) complexes ( p - 0 9 p -  
Y)[NCuX],  (Vla-c. respectively). Products VI  have larger maximum molar absorptivities than the respective products V in the 
600-900-nm region. Absorptivity of VI  is larger with X = Br than with X = CI and smaller with X = I .  The spectra of  
(p-Y),[NCuX], (Y = 0 ( l l ) ,  CO,. or 3.4.5,6-tetrachlorocatecholate ( IV))  with fixed X = CI or Br are very similar. Rhombic 
EPR apcctra wi th  four hypcrfinc lines for solid mixed-valence complcxcs Va-c at  300 K indicate trigonal-pyramidal geometry 
I'or their coppcr(l1) ccntcrs with no evidence for significant coppcr(1)-coppcr(l1) interactions. The EPR spectra of Vla-c in 
incthjlcnc chloride arc isotropic at 300 K and rhombic with more than four hypcrfine lines a t  130 K, indicating more than one 
kind of coppcr(l1) site. Comparison of the solid-state EPR spectra of (p-O),[NCuCI], (Ila). IVa, Va, and Vla at 300K indicates 
that ( u )  I l a  contains squarc-pyramidal copper(ll), (b) solid IVa has different copper(l1) centers despite having only one kind of  
bridge. and (c) thc distinct copper(l1) centers of Vla can be observed in the solid state. Cyclic voltammograms of Va and Vla-c 
at ii Pt clcctrodc in  ambicnt methylene chloride arc quasi-reversible ( E ' =  0.51, 0.52, 0.61, and 0.59 V vs SCE, respectively). 
Complex Va is oxidized by O2 to Vla with a third-order rate law, as found for the oxidation of copper(1) dimers [LCuX],, where 
L is an .Y..N.N'.N'-tetraalkyl diamine. Comparison of the kinetic data indicates assembly of an activated complex containing one 
O2 and two V;I molecules as the rate-determining step. By contrast, the corresponding oxidations of Vb and Vc are second-order 
processes, like those of complcxcs [NCuX],, N,Cu,M(NS)X,, and N,CU,M(NS)~X, ( N S  = monoanionic S-methyl iso- 
propjlidcnchydrazinccarbodithioate). The slowest stcps appear to involve clectron transfer from Vb and Vc to 02, Respective 
intermediates 1Xb and IXc are rapidly reduced by excess Vb or Vc to the corresponding oxocopper(l1) products Vlb and Vlc. 

Introduction 
There is a great deal of  c u r r e n t  interest  in  t h e  structural,2J 

chemicals3-' and photophysical propert ies  of polynuclear  halo- 
(amine)copper(  I )  complexes because they are easily constructed, 
p h o s p h o r e ~ c e n t ~ - ~  polymetallic sys tems conta in ing  a common,  

catalyt ical ly  act ive meta1.2s3*5 This paper fur ther  demonst ra tes  
their usefulness for generating mixed-valence copper complexes.I0 

Our work is concerned with t h e  products a n d  kinetics of t h e  
aprotic oxidation of polynuclear copper(1) complexes by dioxygen 
(for example, eq 1 L4 their transmetalation with M W ) ,  reagents 

( 1 )  [ N C U X ] ~  + 0 2  + ( / . L - O ) ~ [ N C U X ] ~  .. 
(;.I) Alcxundrin University; (b) Northeastern University. 
Caulton, K .  G . ;  Duvies. G.; Holt, E. M. Polyhedron Rep. ,  in press. 
Davies. G.: El-Sayed. M .  A. I n  Copper Coordination Chemisrry: Bio- 
c.huitricu1 utrd Itrorgmic furspecrires; Karlin, K. D., Zubieta, J . ,  Eds.; 
Aldcninc Press: Guildcrland. NY, 1983; p 281 and references therein. 
Davits. G.; El-Saycd. M. A.  Inorg. Chem. 1983, 22. 1257.  
K:irlin, K .  D.: Gultnch. Y.  f r o g .  Inorg. Chem. 1987, 35. 219. 
( a )  Churchill. M. R.: Davies. G.; El-Sayed, M. A,; Fournier. J .  A,; 
Hutchinson. J .  P.: Zubieta. J .  A. Inorg. Chem. 1984. 23. 783. (b) 
El-Sayed. M. A.: El-Toukhy. A,: Davies. G .  Inorg. Chem. 1985, 24, 
33117. 
Davies. G.; El-Sayed. M. A.: El-Toukhy. A,; Gilbert, T. R.: Nabih. K .  
Iiwrg. Chenr. 1986. 25, 1929. 
Vogler. A.: Kunkely. H. J .  A m .  Chem. SOC. 1986. 108, 721 I .  Hardt. 
H. D.: Pierre. A,  Inorg. Chim. Acro 1977. 25. L59. Hardt. H. D.: 
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