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The preparation of a new phase of (isothiocyanato)(pyridine)(meso-tetraphenylporphinato)iron(III) is described. This triclinic 
phase differs from that previously described,6 in having substantially higher magnetic moments for the iron(II1) center. The 
determination of the molecular structure by X-ray diffraction at 96 and 293 K and the temperature-dependent (-18-296 K) 
magnetic moments suggest that the best explanation of the structure and magnetism is given by a two-site model. One site of 
the [Fe(TPP)(NCS)(py)] molecule is a high-spin site under all conditions; the second site undergoes a low-spin-high-spin thermal 
equilibrium. The crystal structure determinations suggest possible reasons for the site discrimination. The magnetic moment at 
296 K is 5.1 ps, decreasing to a minimum of about 4.4-4.5 pB. Crystal data for FeSN6CsoH,3: triclinic, space group Pi, Z = 
2; a = 11.244 (3) A, 6 = 17.132 (4) A, c = 11.167 (3) A, a = 100.01 (2)", p = 108.84 (2)", and y = 72.49 (1)" at 96 K; a = 
11.423 (2) A, 6 = 17.297 (6) A, c = 11.324 (2) A, a = 99.98 (2)", p = 109.43 ( I ) " ,  and y = 72.43 (2)" at 296 K. 

Structural3 and magnetic4 characterization of (thiocyanat0)- 
methemoglobin ((NCS)metHb) has been reported. The hemes 
exist in a thermal spin equilibrium (S = 1/2, S = 5/2); both human 
and horse derivatives are  about 60% high-spin a t  room temper- 
a t ~ r e . ~ *  Although the distribution of the high-spin fraction be- 
tween the a and @ subunits is not known with certainty, the 
distribution most consistent with crystallographic results is about 
20% on the a-heme and 100% on the 

We have recently reported the structural and physical char- 
acterization of the mixed-ligand complexes [Fe(OEP)(NCS)(py)] 
and [Fe(TPP)(NCS)(py)] .5*6 The octaethylporphyrin complex 
is high-spin (S = 5 / 2 ,  j~ = 5.9 pB), while the tetraphenylporphyrin 
complex has a structure consistent with a low-spin (S = l/z) state.' 
However, the magnetic moment of the tetraphenylporphyrin 
complex is somewhat higher than expected for a low-spin complex 
and also shows temperature dependence. This suggests that 
[Fe(TPP)(NCS)(py)] is near the spin-crossover region. In 
iron(II1) porphyrinates near the spin-crossover region, we have 
observed that a number of factors can influence the spin state of 
the porphinato derivative. These include an effect of the por- 
phinato ligand,8 with more basic porphyrins favoring high-spin 
and less basic porphyrins favoring low-spin species. Thus, for 
[ Fe(Porph)( 3-C1-py),]C104, an increase in porphyrin basicity 
results in a larger fraction of high-spin molecules. Another im- 
portant factor is an axial ligand orientation effect. [Fe(OEP)- 
( 3 - C l - p ~ ) ~ l  C104 displays three distinct spin states depending on 
temperature and crystalline ~ t a t e . ~ . ' ~  A triclinic modification9 
exists in thermal S = l/z, S = 5 / 2  spin equilibrium and a 
monoclinic formlo exhibits an S = 3/2, 5/z quantum admixed 
intermediate-spin state. The differences in electronic state ex- 
hibited by the two crystalline modifications results from differences 
in the axial ligand orientation, which are  enforced by crystal 
packing interactions.'O Finally, IEH MO calculations suggest that 
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Table I. Summary of Crystal Data and Intensity Collection 
Parameters for IFe(TPP)(NCS)(Py)l 
T, K 
formula 
fw 
cryst dimens, mm 
space group 
a, A 
b, A 
c, A 
a, deg 

d(calcd), g/cm3 
d(obsd), g/cm3 
radiation' 
scan technique 
scan range 

scan rate, deg/min 
bkgd 

20 limits, deg 
criterion for 

observn 
no. of unique obsd 

data 
p, min-' 
Rl 
R2 
goodness of fit 
data/parameter 

293 96 
FeSN6CS0H33 
805.8 

0.65 X 0.37 X 0.17 0.62 X 0.80 X 0.40 
Pi pi 
11.423 (2) 11.244 (3) 
17.297 (6) 17.132 (4) 
11.324 (2) 11.167 (3) 
99.98 (2) 100.01 (2) 
109.43 (1) 108.84 (2) 
72.43 (2) 72.49 (1) 
2005 1935 
2 2 
1.335 1.383 
1.336 
Mo K a  Mo Ka 
8-20 6-28 
0.65 below Kal  to 0.65 0.75 below K a l  to 0.75 

above K a ,  above K a ,  
2-12 2-24 
0.5 times scan time at 

extreme of scan 
profile analysis 

3.5-45.8 3.5-56.8 
Fo > 3 4 F d  Fo > 3a(F0) 

4655 8938 

0.467 
0.118 
0.155 
4.22 
9.8 

0.483 
0.130 
0.194 
6.22 
18.5 

'Graphite monochromated; X = 0.71073 A. 

for ferric porphyrinates that are  not unambiguously low-spin 
species, high-, low-, and intermediate-spin states can be equien- 
ergetic. ' 

We report herein the characterization of a second crystalline 
form of [Fe(TPP)(NCS)(py)] . This crystalline form differs from 
the previously reported hemipyridine solvate6 in having no solvate 
molecule and in having much higher magnetic moments, which 
also show some temperature dependence. The complex has been 
characterized by magnetochemical studies and multiple-tem- 
perature X-ray structure determinations. The data can be best 
explained in terms of two crystallographically and magnetically 
distinct lattice sites for [Fe(TPP)(NCS)(py)]. One site remains 
high-spin at  all temperatures between -96 and 293 K, the second 
site is a spin-equilibrium site under these conditions. These results 

(11) Scheidt, W. R.; Gouterman, M. In "Physical Bioinorganic Chemi- 
stry-Iron Porphyrins, Part I"; Lever, A. B. P., Gray, H. B., Eds.; 
Addison-Wesley: Reading, MA, 1983; pp 89-139. 
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further illustrate the  sensitivity of spin state to the  heme envi- 
ronment and the subtleties involved in spin-state determination. 

Experimental Section 
Synthesis and Magnetic Measurements of [Fe(TPP)(NCS)(py)]. All 

physical measurements were obtained on single-crystal specimens.I2 
These were obtained in a manner analogous to that previously reported 
for the hemipyridine solvate:6 100 mg of Fe(TPP)(NCS)” was put into 
2 mL of chloroform and 5 mL of pyridine (dried over 4-8, molecular 
sieves). Hexane vapor was allowed to slowly diffuse into the chloroform 
solution. Single crystals formed on the sides of the crystallization vessel. 
Single crystals of the hemipyridine solvate were obtained by changing 
the nonsolvent from pure hexane to 30% (v/v) diethylether in pentane. 

es were measured on a Faraday balance described 
previously14 with the following modifications for improved temperature 
control. The balance was equipped with a Scientific Instruments Model 
3800 Temperature indicator/controller and a LFE Model 4247 voltmeter 
monitoring a Scientific Instruments Si-400 silicon diode sensor. 

Structure Determinations. Preliminary X-ray study of crystals of 
[Fe(TPP)(NCS)(py)] on a Nicolet PT automated diffractometer estab- 
lished a two-molecule triclinic unit cell. A Delaunay reduction did not 
show any hidden symmetry. Crystal data and intensity collection pa- 
rameters from the complex at 293 and 96 K are given in Table I. 
Low-temperature diffraction data were measured by using a LT-1 at- 
tachment to the diffractometer. The intensities of four standard reflec- 
tions were measured every 50 reflections to monitor the alignment and 
possible deterioration of the crystal during data collection. No significant 
variation in the standard reflections was observed. Intensity data were 
reduced as previously described.l5 

Initia!structure solution was attempted in the centrosymmetric space 
group P1, and the structure was solved by using the direct methods 
program MULTAN78.I6 Rather than the expected single molecule in a 
general position, two half-molecules were found around the inversion 
centers at 0, 0, 0 and 0, Patterson calculations with both the 
room-temperature and the low-temperature data sets also showed two 
iron atoms separated by the vector 0, The choice of Pi as the 
space group appears to be the proper choice (vide infra). Thus, there are 
two independent half-molecules, each with crystallographically required 
inversion centers, in the asymmetric unit. Consequently, the axial ligands 
must be disordered as a result of the crystallographically required sym- 
metry. We were thus presented with a difficult refinement problem. 
Indeed, although all the atoms of the axial ligands were found in dif- 
ference Fourier maps, attempts at unconstrained refinement were un- 
successful owing to high correlation between axial ligand atoms. 
Therefore, the model employed for least-squares refinement used rigid- 
group descriptions for the pyridine and isothiocyanate ligands, each with 
an occupancy of 0.5. The rigid-group descriptions of the pyridine and 
isothiocyanate ligands were obtained from the structures of the hemi- 
pyridine solvate and the OEP analogue.$ Individual isotropic thermal 
parameters for the thiocyanate atoms were refined, but single-group 
isotropic thermal parameters were used for the pyridine ligands. The 
thermal parameters for each iron atom were large ( B  = 4.3 and 5.0 A2), 
suggesting positional disorder of iron about the inversion centers. They 
were thus placed 0.2 8, out of the respective prophyrin planes and allowed 
to refine unconstrained. Placing the iron atoms out of the plane resulted 
in a problem that was never quite resolved: the irons moved slightly off 
center so that the line joining an iron atom with its inversion center 
related atom was not perpendicular to the porphyrin plane. Attempts to 
refine both the coordinates and anisotropic temperature factors for the 
iron atoms led to nonpositive-definite temperature factors. Accordingly, 
the iron atoms were refined with isotropic temperature factors. Aniso- 
tropic refinement was carried out for all other heavy atoms not associated 
with the rigid groups. All hydrogen atoms were located by using dif- 
ference Fourier maps and were included in subsequent cycles of least- 
squares refinement as fixed contributors. Final atomic positional pa- 
rameters for the room-temperature structure are listed in Table 11. 

Magnetic susceptibility measurements were performed on crushed sin- 
gle-crystal specimens (to ensure the presence of a single crystalline 
phase). 
Maricondi, C.; Swift, W.; Straub, D. K. J .  Am. Chem. SOC. 1969, 91, 
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Table 11. Fractional Coordinates for lFelTPPl(NCSMDvl1 at 293 K’ 
~~~ 

atom X Y Z 

-0.0082 (4) 
-0.0213 (2) 
-0.1855 (6) 
-0.0154 (6) 
-0.2378 (8) 

-0.2516 (8) 
-0.2667 (8) 
-0.1199 (7) 

-0.3783 (8) 
-0.3862 (8) 
-0.0943 (8) 

-0.3394 (7) 
-0.3415 (11) 
-0.4404 (13) 
-0.5296 (10) 
-0.5261 (9) 
-0.4302 (10) 

0.2047 (8) 

0.0792 (8) 

0.0274 (8) 

0.2958 (8) 
0.3917 (9) 
0.4721 (10) 
0.4617 (12) 
0.3690 (1 1) 
0.2858 (9) 
0.0171 (6) 
0.1001 (6) 
0.1287 (8) 
0.1 144 (8) 

0.0665 (8) 
0.1478 (8) 
0.1402 (8) 

0.0357 (9) 

0.2174 (9) 
0.1771 (9) 
0.2618 (9) 
0.3119 (9) 
0.2643 (12) 
0.1824 (12) 
0.1330 (10) 
0.1791 (9) 
0.1039 (11) 
0.1613 (17) 
0.2879 (20) 
0.3632 (13) 
0.3009 (13) 

-0.0459 (8) 

-0.0302 (8) 

0.2200 (9) 

0.0104 (2) 
0.5094 (2) 
0.0055 (4) 
0.1061 (4) 
0.1323 (6) 
0.1214 (5) 

-0.0496 (5) 
0.0630 (5) 
0.1514 (5) 
0.1465 (5) 

-0.0245 (6) 
0.0435 (6) 
0.2218 (5) 
0.2195 (5) 
0.1851 (5) 
0.1665 (7) 
0.2133 (8) 
0.2758 (8) 
0.2986 (7) 
0.2514 (7) 
0.1718 (5) 
0.1454 (6) 
0.1964 (9) 
0.2699 (9) 
0.2928 (6) 
0.2462 (6) 
0.3975 (4) 
0.4287 (4) 
0.2927 (5) 
0.5391 (6) 
0.3945 (5) 
0.3179 (5) 
0.3448 (5) 
0.4589 (6) 
0.3123 (5) 
0.2647 (5) 
0.3204 (6) 
0.3862 (6) 
0.2028 (5) 
0.1498 (6) 
0.0680 (7) 
0.0426 (6) 
0.0944 (7) 
0.1720 (6) 
0.5514 (5) 
0.5654 (6) 
0.5694 (7) 
0.5655 (8) 
0.5535 (10) 
0.5497 (8) 

0.0023 (4) 
0.5021 (3) 

-0.1006 (6) 
-0.0628 (6) 
-0.2023 (7) 
0.0453 (7) 

-0.1068 (7) 
-0.1787 (7) 
-0.1468 (7) 
-0.0341 (7) 
-0.1874 (8) 
-0.2315 (8) 
-0.1701 (7) 
-0.1014 (8) 
-0.3004 (8) 
-0.4238 (9) 
-0.5167 (10) 
-0.4889 (11) 
-0.3609 (1 1) 
-0.2690 (9) 
0.0610 (7) 
0.0029 (9) 
0.0193 (13) 
0.0944 (12) 
0.1461 (9) 
0.1307 (8) 
0.3765 (6) 
0.6460 (6) 
0.5320 (8) 

0.2491 (7) 
0.4082 (7) 
0.6413 (8) 
0.7702 (7) 
0.1978 (7) 
0.2942 (9) 
0.7639 (8) 
0.8426 (8) 
0.5496 (8) 
0.4922 (8) 
0.5170 (10) 
0.6029 (11) 
0.6555 (9) 
0.6291 (9) 
0.9571 (8) 
1.0386 (9) 
1.1691 (11) 
1.2115 (12) 
1.1350 (16) 
1.0044 (11) 

0.8181 (7) 

OThe estimated standard deviations of the least significant digits are 
given in parentheses. 

Table A, final anisotropic temperature temperator factors, Table B, fixed 
hydrogen atom positions, Table C, derived coordinates of the axial ligand 
rigid groups, and observed and calculated structure amplitudes (XlO) are 
available as supplementary material. 

The structure was also determined at 96 K. The previously deter- 
mined coordinates of the 293 K structure were used to establish phases. 
The out-of-plane displacement of Fe(1) decreased to less than 0.06 A, 
and so it was placed on the inversion center at 0, 0, 0. Fe(1) was suc- 
cessfully refined anisotropically, but attempts to refine the other iron 
atom using anisotropic temperature factors failed. The rigid-group 
constraints of the pyridine ligands were relaxed slightly: the atoms were 
refined with independent isotropic thermal parameters. Attempts to 
refine the structure in the noncentric space group PI (two complete 
molecules in the asymmetric unit) were attempted, but the pseudosym- 
metry associated with the 0, 0, 0 and 0, positions prevented any 
meaningful refinement of ordered axial ligands (vide infra). The final 
atomic coordinates are given in Table 111. Table D, final values of the 
anisotropic thermal parameters, Table E, fixed hydrogen atom positions, 
and Table F, derived coordinates of the axial ligand rigid groups, and 
listings of observed and calculated structure factor amplitudes (X 10) are 
available as supplementary material. 

Considerable effort was expended in trying to assure that the correct 
choice of space group had been made, namely that Pi, with the attendant 
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Table 111. Fractional Coordinates for [Fe(TPP)(NCS)(py)] at 96 KO 

atom X Y z 

Geiger et  al. 

0 

0 

0.0 
-0.02047 (1 2) 
-0.1842 (4) 
-0.0155 (4) 
-0.2426 (5) 

-0.2532 (4) 
-0.2690 (4) 
-0.1227 (4) 

0.0800 (5) 
-0.3843 (5) 
-0.3951 (5) 
-0.0940 (5) 

0.0296 (5) 
-0.3437 (5) 
-0.3475 (6) 
-0.4399 (8) 
-0.5297 (7) 
-0.5292 (6) 
-0.4351 (6) 

0.2064 (5) 

0.2987 (5) 
0.3991 (6) 
0.4826 (7) 
0.4690 (6) 
0.3719 (6) 
0.2846 (5) 
0.0177 (4) 

0.1305 (6) 
0.1171 (5) 

-0.0451 (5) 
0.0674 (5) 
0.1497 (6) 
0.1424 (5) 

-0.0321 (6) 
0.0375 (6) 
0.2224 (6) 
0.2176 (6) 
0.1778 (6) 
0.2632 (5) 
0.3103 (6) 
0.2702 (6) 
0.1867 (7) 
0.1378 (6) 
0.1770 (6) 
0.1002 (6) 
0.1580 (8) 
0.2851 (8) 
0.3582 (7) 
0.3062 (7) 

0.1002 (5) 

0.0 
0.51105 (8) 
0.00524 (25) 
0.10549 (26) 
0.1339 (3) 
0.1221 (3) 

-0.0504 (3) 
0.0649 (3) 
0.1525 (3) 
0.1474 (3) 

-0.0230 (3) 
0.0467 (4) 
0.2228 (3) 
0.2211 (3) 
0.1866 (3) 
0.1660 (4) 
0.2117 (5) 
0.2757 (5) 
0.2999 (5) 
0.2515 (5) 
0.1740 (3) 
0.1456 (4) 
0.1940 (5) 
0.2708 (4) 
0.2968 (3) 
0.2506 (3) 
0.3956 (3) 
0.4284 (3) 
0.2910 (4) 
0.5400 (4) 
0.3936 (4) 
0.3159 (4) 
0.3435 (4) 
0.4575 (4) 
0.3084 (4) 
0.2611 (4) 
0.3209 (4) 
0.3902 (4) 
0.2009 (4) 
0.1472 (4) 
0.0649 (4) 
0.0366 (4) 
0.0903 (4) 
0.1700 (4) 
0.5531 (4) 
0.5668 (4) 
0.5682 (4) 
0.5635 (5) 
0.5526 (6) 
0.5473 (5) 

0.0 
0.50233 (14) 

-0.0997 (3) 
-0.0614 (3) 
-0.2017 (4) 

0.0447 (4) 
-0,1049 (4) 
-0.1775 (4) 
-0.1443 (4) 
-0.0322 (4) 
-0.1873 (4) 
-0.2311 (5) 
-0.1690 (4) 
-0.0982 (4) 
-0.3002 (4) 
-0.4271 (5) 
-0.5200 (5) 
-0.4907 (6) 
-0.3638 (6) 
-0.2709 (5) 

0.0611 (4) 
0.0049 (5) 
0.0177 (7) 
0.0929 (7) 
0.1477 (5) 
0.1342 (4) 
0.3759 (4) 
0.6460 (4) 
0.5314 (5) 
0.8224 ( 5 )  
0.2488 (5) 
0.4086 (5) 
0.6417 (5) 
0.7718 (4) 
0.1968 (5) 
0.2954 (5) 
0.7673 (5) 
0.8468 (5) 
0.5507 (5) 
0.4905 (5) 
0.5164 (6) 
0.6051 (5) 
0.6638 (5) 
0.6354 (5) 
0.9630 (5) 
1.0458 (5) 
1.1754 (5) 
1.2251 (6) 
1.1454 (8) 
1.0099 (7) 

“The estimated standard deviations of the least significant digits are 
given in parentheses. 

axial ligand disorder, rather than PI, which in principle could be ordered, 
was the appropriate group. Both data sets were used in these tests; 
however, the low-temperature data set, with its concomitant lower 
thermal parameters and higher data/parameter ratio, was emphasized. 
Attempts to refine” the structural parameters in space group P1, with 
all permutations of axial ligand and out-of-plane iron atom positions used 
as starting points, were judged unsuccessful owing to large correlations 
between parameters of pseudosymmetrically related atoms within each 
molecule. Various attempts’” to solve the structure in the noncentro- 
symmetric space group showed that all peripheral groups (both phenyl 
rings and axial ligands) retained a centrosymmetric arrangement within 
each molecule. We concluded that the proper choice of space group was 
made. 
Results and Discussion 

The fact that we had prepared a new crystalline phase of 
[Fe(TPP)(NCS)(py)] became known to us after a determination 
of the magnetic moment. The room-temperature magnetic mo- 
ment was found to be near 5 p B ,  considerably higher than that 

(17) Full-matrix techniques were used in all cases. 
(18) These included de novo solutions using MULTAN and partial difference 

Fourier procedures. 

I 
100 150 2 0 0  2 5 0  300 

T 
Figure 1. Magnetic moments vs. T for two separate preparations of 
triclinic [Fe(TPP)(NCS)(py)] from 84 to 293 K. The uncertainty in LL 
is f0.05 pB. 

Llmll  - C W  

C I  41 

Figure 2. ORTEP plot of molecule 1 at 96 K. Atoms were plotted with 
50% probability ellipsoids. The numbering system for the crystallo- 
graphically unique atoms of the molecule is displayed. 

observed for the hemipyridine crystalline phase.6 Which particular 
crystalline phase is prepared depends only on the nature of the 
nonsolvent used in the crystallization experiment. The repro- 
ducibility of the preparation of the two crystalline forms is con- 
sistently successful according to the nonsolvent combination used 
(cf. Experimental Section). Magnetic moments as a function of 
temperature were initially measured over the temperature range 
84-293 K. The variation of the magnetic moments from 5.1 pB 
a t  room temperature to 4.4 ~ . l ~  a t  84 K suggested that this crys- 
talline form of the complex exhibited spin-crossover behavior 
typical of a number of iron(II1) complexes. A second set of 
measurements on a new preparation of the complex, over the same 
temperature range, gave slightly different values for the magnetic 
moments, as shown in Figure 1. Such differences in magnetic 
moments between different samples and sample preparations have 
been commented on previou~ly . ’~  Although this magnetic data 
would appear consistent with a simple spin equilibrium, the 
room-temperature crystal structure determination unexpectedly 
showed that there were two crystallographically distinct molecular 
sites. It should be noted that the two crystallographically distinct 
molecular sites are  obtained from either space group choice. 
Despite some crystallographic difficulties, the results suggested 
that there were magnetic differences between the two sites. This 
led us to pursue the structure of the complex at  a lower tem- 
perature as well. The low-temperature (96 K) structural results 
lead to the conclusion (vide infra) that there are two magnetically 
distinct sites in the lattice: one site remains high spin and the 
second is a spin-equilibrium site. We outline below the structural 

(19) Haddad, M. S.; Federer, W. D.; Lynch, M. W.: Hendrickson, D. N.  
Inorg. Chem. 1981, 20, 131-139. 
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Table IV. Bond Distances in [ Fe(TPP)(NCS)(py)]" 
type dist, 8, type dist, 8, type dist, A type dist, 8, 

Fe(l)-N(l)b 2.034' Fe(2)-N(3) 2.072c C(b1)-C(b2) 1.323 (11) C(b5)-C(b6) 1.351 (11) 

Fe( 1 )-N(2) 

Fe( 1)-N(5) 

Fe( 1 )-N(6) 

N( 1 )-C(a 1 ) 

N( 1)-C(a2) 

N(2)-C(a3) 

N( 2)-C( a4) 

C(a1)-C(m2) 

C(a1)-C(b1) 

C(a2)-C(m1) 

C(a2)-C(b2) 

C(a3)-C(ml) 

C(a3)-C(b3) 

C (a4)-C (m2) 

C(a4)-C(b4) 

1.993 (4) 
2.023' 
1.983 (4) 
2.216 
2.027 
1.908 
1.887 
1.364 (10) 
1.382 (6) 
1.354 (10) 
1.377 (6) 
1.372 (10) 
1.383 (6) 
1.382 (10) 
1.389 (6) 
1.401 (11) 
1.381 (7) 
1.413 (11) 
1.449 (7) 
1.423 (11) 
1.390 (7) 
1.414 (11) 
1.456 (6) 
1.397 (11) 
1.400 (6) 
1.419 (11) 
1.428 (7) 
1.397 (11) 
1.384 (7) 
1.453 (11) 
1.444 (7) 

Fe( 2)-N (4) 

Fe(2)-N (7) 

Fe(2)-N(8) 

N(3)-C(a5) 

N(3)-C(a6) 

N(4)-C(a7) 

N(4)-C(a8) 

C(a5)-C(m4) 

C(a5)-C(b5) 

C(a6)-C(m3) 

C(a6)-C(b6) 

C(a7)-C(m3) 

C(a7)-C(b7) 

C(a8)-C(m4) 

C(a8)-C(b8) 

2.073c 
2.052' 
2.04OC 
2.402 
2.328 
1.970 
2.030 
1.381 (10) 
1.366 (6) 
1.383 (10) 
1.376 (7) 
1.386 (10) 
1.392 (8) 
1.387 (10) 
1.384 (6) 
1.370 (11) 
1.389 (8) 
1.421 (11) 
1.455 (8) 
1.422 (11) 
1.400 (7) 
1.455 (11) 
1.447 (7) 
1.395 (10) 
1.390 (8) 
1.420 (1 1) 
1.430 (7) 
1.379 (11) 
1.408 (8) 
1.496 (12) 
1.428 (8) 

C(b3)-C(b4) 

C(m1)-C(l1) 

C(m2)-C(21) 

C( 1 1)-C( 12) 

C(12)-C(13) 

C( 13)-C( 14) 

C( 14)-C( 15) 

C(15)-C(16) 

C(16)-C(ll) 

C(21)-C(22) 

C(22)-C(23) 

C(23)-C(24) 

C(24)-C(25) 

C(25)-C(26) 

C(26)-C(2 1 ) 

1.326 (7) 
1.340 (11) 
1.353 (7) 
1.507 (11) 
1.496 (7) 
1.498 (11) 
1.509 (6) 
1.372 (12) 
1.390 (7) 
1.411 (14) 
1.365 (9) 
1.316 (14) 
1.324 (10) 
1.426 (15) 
1.405 (9) 
1.395 (13) 
1.395 (9) 
1.379 (12) 
1.342 (8) 
1.384 (12) 
1.388 (7) 
1.405 (15) 
1.389 (8) 
1.399 (16) 
1.426 (10) 
1.304 (15) 
1.345 (9) 
1.374 (13) 
1.395 (7) 
1.381 (11) 
1.414 (7) 

C(b7)-C(b8) 

C(m3)-C(3 1) 

C(m4)-C(41) 

C(3 1)-C(32) 

C(32)-C(33) 

C(33)-C(34) 

C(34)-C(35) 

C( 3 5)-C (36) 

C(36)-C(3 1) 

C(41)-C(42) 

C(42)-C(43) 

C(43)-C(44) 

C(44)-C(45) 

C(45)-C(46) 

C(46)-C(41) 

1.361 (8)' 
1.317 (12) 
1.351 (8) 
1.511 (12) 
1.502 (8) 
1.508 (11) 
1.501 (7) 
1.369 (12) 
1.375 (8) 
1.398 (13) 
1.395 (9) 
1.440 (1 6) 
1.416 (9) 
1.310 (14) 
1.351 (9) 
1.334 (13) 
1.362 (9) 
1.406 (12) 
1.403 (7) 
1.406 ( 1  3) 
1.405 (8) 
1.402 (1 5) 
1.381 (8) 
1.347 (20) 
1.377 (10) 
1.364 (21) 
1.351 (12) 
1.413 (18) 
1.433 (10) 
1.307 (14) 
1.355 (10) 

"The numbers in parentheses are estimated standard deviations. Distances without standard deviations are derived values. For each distance, the 
first line gives atomic distances at 293 K and the second line gives distances at 96 K. cThis value is the average distance using the two iron atoms 
related by the centers of symmetry. 

Figure 3. ORTEP plot of molecule 2 at 96 K. The same information as 
in Figure 2 is given. 

description of the two complexes and the evidence therefrom for 
this conclusion. 

The structure of the two crystallographically independent 
molecules, determined at 293 K, are displayed in Figures 1s and 
2s of the supplementary material. The two distinct molecules 
are designated as molecule 1 and molecule 2. Figures 2 and 3 
display the structures of the two unique molecules, determined 
at 96  K, along with the labeling scheme and the bond distances 
in the coordination groups. Listings of individual bond distances 
and angles a t  96  K and 293 K are given in Tables IV and V, 
respectively. 

A comparison of the coordination groups of molecules 1 and 
2, a t  96  and 293 K, along with the structural parameters of the 
known high- and low-spin forms of [Fe(Porph)(NCS)( y)], is 
given in Figure 4. The average Fe-N, distance of 2.06 H found 
in molecule 2 a t  both temperatures is indicative of a n  occupied 
dxz..,,z orbital; the comparatively long axial bond distances a r e  
evidence of a n  occupied dzz orbital.' In  fact, for molecule 2, 

S S 

I 7 I 

1 Mol 1,293 f Mol.I,96K N/c Low-Spin rr 

12.22 12.05 12.082 

S 7 I 
I' Mol 2,293 K Mol 2,96 K 7 Hlgh-Spln 

N 
1197 I203 12 031 

12 40 1 2 3 5  12 442 
P ? O h N  N * b N  N Z @ % h N  

0 0 0 
Figure 4. A comparison of structures of the [Fe(Porph)(NCS)(py)] 
molecules. Column 1 displays average parameters for the two molecules 
of this work at 293 K, column 2 that at 96 K, and column 3 the structure 
of low-spin [Fe(TPP)(NCS)(py)] and the structure of high-spin [Fe- 
(OEP)(NCS)(py)], which are both described in ref 6 

(Fe-N),, is 2.12 8, a t  both temperatures, which is in good 
agreement with the observed value of 2.1 1 8, in high-spin [Fe- 
(OEP)(NCS)(py)] .6 Thus, the crystallographic results provide 
good evidence that  molecule 2 is in a high-spin state a t  both 96 
and 293 K. 

An examination of Figure 4 reveals that the coordination group 
geometry of molecule 1 is quite different from that of molecule 
2 and that the molecule undergoes significant structural reorg- 
anization with a change in temperature. The average Fe-N, bond 
distance of 1.99 8, obtained at 96 K is consistent with an unoc- 
cupied dXz-y2 orbital.' The shorter axial bond lengths suggest that 
the d,z orbital is also unoccupied a t  96  K. In molecule 1, the 
average Fe-N, bond length is 1.99 A, the same as  that found in 
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Table V. Bond Angles in [Fe(TPP)(NCS)(py)]' 
type angle, deg type angle, deg type angle, deg type angle, deg 

N(l)Fe(l)N(2)' 95.0 (3) N(3)Fe(2)N(4) 91.0 (3) C(a3)C(ml)C(11) 118.3 (8) C(a7)C(m3)C(31) 116.1 (7) 
90.1 (2) 91.7 (2) 119.2 (4) 115.3 ( 5 )  

N( 1)Fe( 1)N(6) 92.6 N(3)Fe(2)N(8) 99.4 C(a2)C(m2)C(a4) 123.4 (7) C(a5)C(m4)C(a8) 126.5 (7) 
90.9 98.9 123.0 (4) 124.5 ( 5 )  

N( 1 )Fe( 1 W(5)  

N(2) Fe( 1 )K (6) 

NWFe(l)N(5) 

C(al)N( 1)C(a2) 

C(a3)N(2)C(a4) 

N(l)C(al)C(bl) 

N( l)C(al)C(m2) 

N( l)C(aZ)C(b2) 

89.1 
89.4 
89.4 
89.3 
89.8 
89.9 

106.5 (7) 
105.9 (4) 
105.4 (7) 
105.1 (4) 
109.7 (8) 
109.1 (4) 
126.9 (7) 
126.6 (4) 
108.6 (7) 
109.9 (4) 

N( 3 1 Fe(2) N (7 1 

N(4)Fe(2)N(8) 

N(4)Fe(2)N(7) 

C(aS)N( 2)C(a6) 

C(a7)N(4)C(a8) 

N(3)C(a5)C(b5) 

N(3)C(a5)C(m4) 

N(3)C(a6)C(b6) 

80.4 
79.6 
95.0 
94.2 
85.8 
85.0 

106.6 (6) 
107.8 (5) 
107.7 (7) 
106.2 ( 5 )  

109.1 ( 5 )  
125.0 (7) 
127.3 ( 5 )  
108.2 (7) 
108.8 ( 5 )  

110.1 (7) 

C( a 1 )C(m2) C( 2 1 ) 

C(a4)C(m2)C(21) 

C(al)C(bl)C(b2) 

C(aZ)C(bZ)C(bl) 

C(a3)C(b3)C(b4) 

C(a4)C(b4)C(b3) 

C( 11)C(12)C( 13) 

C( 12)C( 13)C( 14) 

118.1 (7) 
118.3 (4) 
118.4 (8) 
118.7 (5) 
106.4 (8) 
108.4 (4) 
108.8 (7) 
106.7 (4) 
106.5 (7) 
107.1 (5) 
107.9 (7) 
107.2 (4) 
119.1 (10) 
121.1 (6) 
122.3 (11) 
120.3 (5) 

119.4 (8) 
120.5 ( 5 )  
114.0 (8) 
115.0 ( 5 )  
107.3 (7) 
106.7 ( 5 )  
107.7 (8) 
107.5 ( 5 )  
108.0 (8) 
108.1 ( 5 )  
108.7 (8) 
107.3 ( 5 )  
121.9 (9) 

115.5 (9) 
119.9 (6) 

120.2 (5) 

N(l)C(a2)C(ml) 125.9 (7) N(3)C(a6)C(m3) 125.7 (7) C(13)C(14)C(15) 119.6 (10) C(33)C(34)C(35) 121.2 (10) 
126.6 (4) 126.2 ( 5 )  121.0 (6) 119.2 (6) 

N(2)C(a3)C(b3) 11 1.5 (7) N(4)C(a7)C(b7) 109.8 (7) C(14)C(15)C(16) 118.3 (10) C(34)C(35)C(36) 122.7 (10) 
110.8 (4) 108.8 ( 5 )  117.5 ( 6 )  120.8 ( 5 )  

N(2)C(a3)C(ml) 125.0 (8) N(4)C(a7)C(m3) 124.8 (7) C(15)C(16)C(ll) 121.1 (9) C(35)C(36)C(31) 119.8 (9) 
126.0 ( 5 )  124.3 ( 5 )  121.6 ( 5 )  121.8 (6) 

N(2)C(a4)C(b4) 108.7 (7) N(4)C(a8)C(b8) 105.7 (8) C(16)C(ll)C(12) 119.5 (8) C(36)C(31)C(32) 118.5 (8) 
109.8 (4) 109.6 ( 5 )  118.4 (5) 118.1 ( 5 )  

N(Z)C(a4)C(m2) 126.1 (8) N(4)C(a8)C(m4) 127.6 (8) C(21)C(22)C(23) 117.4 (10) C(41)C(42)C(43) 120.4 (12) 
126.1 (4) 126.9 ( 5 )  119.6 (6) 120.0 (6) 

C(ml)C(aZ)C(b2) 125.5 (8) C(m3)C(a6)C(b6) 126.0 (8) C(22)C(23)C(24) 122.9 (10) C(42)C(43)C(44) 117.2 (13) 
123.5 ( 5 )  125.0 ( 5 )  120.3 (6) 121.3 (6) 

C(ml)C(a3)C(b3) 123.5 (8) C(m3)C(a7)C(b7) 125.4 (8) C(23)C(24)C(25) 117.5 (1 1) C(43)C(44)C(45) 123.9 (13) 
123.2 ( 5 )  126.9 (6) 119.2 (5) 118.6 (6) 

C(mZ)C(al)C(bl) 123.4 (8) C(m4)C(a5)C(b5) 124.8 (8) C(24)C(25)C(26) 121.9 (10) C(44)C(45)C(46) 116.6 (13) 
124.3 (4) 123.4 ( 5 )  121.9 ( 5 )  123.3 (7) 

C(m2)C(a4)C(b4) 125.8 (8) C(m4)C(a8)C(b8) 126.8 (8) C(25)C(26)C(21) 122.3 (9) C(45)C(46)C(41) 122.6 (13)  
124.1 (4) 123.5 ( 5 )  119.1 ( 5 )  116.4 (4) 

C(a2)C(ml)C(a3) 124.6 (8) C(a6)C(m3)C(a7) 125.2 (8) C(26)C(21)C(22) 117.9 (9) C(46)C(41)C(42) 118.9 (10) 
122.7 (5) 125.2 (6) 119.9 ( 5 )  120.2 (6) 

C(aZ)C(ml)C(ll) 117.0 (7) C(a6)C(m3)C(31) 118.7 (8) 
118.0 (4) 119.4 ( 5 )  

"he numbers in parenthess are the estimated standard deviations. Angles without standard deviations are derived values. 'For each angle, the 
first line gives angles from data collected at 293 K and the second line gives angles from data collected at 96 K. 

the hemipyridine solvate, 1.988 A, and strongly suggests that 
molecule 1 is low-spin (S = I / * )  a t  96 K. At 293 K, molecule 
1 has an average Fe-N, bond distance of 2.03 A, about midway 
between that expected for the high- and low-spin forms. The axial 
bond distances also fall between the values found for analogous 
high- and low-spin complexes. Finally, a significant out-of-plane 
displacement of the iron atom from the porphinato core is observed 
a t  293 K. The change in the average Fe-N bond distances of 
[Fe(OEP)(3-C1-py)2]C104 and molecule 1 of [Fe(TPP)-  
(NCS)(py)] a t  the two temperatures is nearly the same. This 
suggests that the iron(II1) center in molecule 1 is involved in an 
S = S = 5 / 2  thermal spin equilibrium and is about 50% 
high-spin at room temperature. Hence, it is reasonable to interpret 
the structural data in terms of two magnetic sites: a high-spin 
site (molecule 2) and a spin-equilibrium site (molecule 1). 

The variable-temperature magnetic susceptibility data support 
this hypothesis. The magnetic moment at  room temperature is 
about 5.1 yB and decreases to about 4.3 yB at 84 K. The de- 
creasing yeff value corresponds to a change in the spin mixture 
from about 70% high-spin a t  i93 K to about 50% a t  84 K.20 If 
the spin state of molecule 2 is taken to be S = 5 / 2  at all tem- 
peratures examined, then molecule 1 must be about 50% high spin 
a t  room temperature and essentially low spin at  84 K. This 
two-site interpretation of the data leads to a prediction, namely 
that unless molecule 2 should start to change its spin state, the 

5.5 = , O i  

,'OI------ 3.5 
0 50 100 150 200 250 300 

T 
Figure 5. Magnetic moments of the second and third preparations of 
triclinic [Fe(TPP)(NCS)(py)] measured between 18 and 293 K.  

magnetic moment should remain essentially constant below 84 
K. This is in fact observed. As shown in Figure 5 ,  an extension 
of the magnetic moments of the second sample of [Fe(TPP)- 
(NCS)(py)] and the magnetic moments of a third sample remain 
nearly constant from 84 to 25 K. Below 25 K the magnetic 
moment rises slightly, perhaps as a consequence of a tempera- 
ture-induced phase change. 

The structural results suggest two possible reasons for the site 
discrimination. As we have noted previously,".*' rotational ligand 

(20) The fraction, CY, in the high-spin state is calculated by f i2  = + (21) Geiger, D. K.; Lee, Y. J.; Scheidt, W. R. J .  Am. Chem. SOC. 1984,106, 
( 1  - a)(fil3)*, where fibs = 5.9 and fils was taken to be 2.4 fiB. 6339-6343. 
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orientations can have an effect on the spin state of iron(II1) 
porphyrinates. All k n 0 w n ~ 9 ~ ~  pyridine-complexed low-spin iron(II1) 
porphyrinates have 4 anglesz3 between 40 and 45'. The few 
remaining derivatives are not low spin and have (b values between 
0 and 10°.6,10 The origin of this orientation effect is in the steric 
interactions between the pyridine hydrogen atoms and atoms of 
the core at  4 values significantly less than 40': a low-spin axial 
bond distance (2.03 A) leads to unreasonably short nonbonded 
distances. With the foregoing background, we were not surprised 
to find that the 4 value for molecule 1, the spin-equilibrium site, 
is 44'. Molecule 2, the high-spin site, has 4 = 30'. A second 
feature that probably weakens the axial ligand field in molecule 
2, and hence favors a high-spin state, is the deviation from ideal 
coordination modes of both axial ligands. The FeNCS group is 
bent with an apparent Fe-N-C angle of 139'. Further, the plane 
of the pyridine ring is tilted with a dihedral angle between the 
pyridine plane and the porphinato plane of 73'. W e  have pre- 
viously noted6 that packing interactions appear responsible for 
a number of nonlinear M N C S  groups that are  described in the 
literature. The geometry of the two axial ligands is normal in 
molecule 1; the Fe-N-C angle is 175' and the dihedral angle 
between the pyridine plane and the porphinato plane is 90°. 

Interestingly, some aspects of the nonideal coordination ge- 
ometry of molecule 2 are found in the structure of (NCS)metHb.3 
The Fe-NCS linkage in (NCS)metHb is bent in both subunits. 
An angle of approximately 120' is observed and is the apparent 
result of the steric constraints of the heme pocket. I t  is curious, 
albeit surely coincidental, that the two molecules in the asymmetric 
unit of [Fe(TPP)(NCS)(py)] are  different magneticially, as is 
found in the two crystallographically unique hemes in (NCS)-  
metHb. Although both hemes have a bent thiocyanate, the 
crystallographic results suggest that the @-heme is high spin and 
that the a-heme is an equilibrium mixture of high- and low-spin 

Adams, K. M.; Rasmussen, P. G.; Scheidt, W. R.; Hatano, K. Inorg. 
Chem. 1979, 18, 1892-1899. Scheidt, W. R.; Lee, Y .  J.; Luangdilok, 
W.; Haller, K. J.; Anzai, K.;f Hatano, K. Inorg. Chem. 1983, 22, 

The @ value has been defined as Oo when the projection of the planar 
axial ligand eclipses the M-N, bond and 45' when the projection ec- 
lipses the metal-methine carbon vector. 

1516-1 522. 

statese3 However in [Fe(TPP)(NCS)(py)],  molecule 1 with the 
linear Fe-NCS group is involved in the spin equilibrium. The 
molecule (2) with the bent Fe-NCS is high spin. Further, [Fe- 
(TPP)(NCS)py)].'/,py is low spin and has a bent Fe-NCS group! 
[Fe(OEP)(NCS)(py)] is a high spin and has a linear Fe-NCS 
group. This lack of correlation between the spin state of the 
iron(II1) center and the Fe-N-C angle suggests that the angle 
adopted is a result of packing constraints and not r  interaction^.^^ 

Both molecules have essentially planar porphyrin cores. The 
dihedral angles formed by the peripheral phenyl rings and the 
porphiato core are 89 and 72' for molecule 1 and 55 and 80' for 
molecule 2. All are  within the normal range. 
Summary 

The two crystallographically unique molecules in the asym- 
metric unit of the triclinic phase of [Fe(TPP)(NCS)(py)] exhibit 
different magnetic behavior. Although the axial ligands are the 
same, one molecule is high spin and the other is an equilibrium 
mixture of high- and low-spin states. The two-site interpretation 
of the magnetic data is independent of the choice of space group. 
This [Fe(TPP)(NCS)(py)] system further exemplifies the im- 
portance of heme environment in determining spin state in 
(porphinato)iron(III) complexes. 
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The core electron binding energies of dimethylamides of early transition metals, when qualitatively interpreted in terms of atomic 
charges, are consistent with nitrogen-metal p-dr bonding. Further support for such ?r bonding is obtained by the "localized 
orbital ionization potential" method, in which one compares the nitrogen lone-pair ionization potentials with the ionization potentials 
that the nitrogen 2p orbitals would have if they were strictly nonbonding. 

Structural data  for transition-metal amides show that the ni- 
trogen atom of a terminal amido ligand generally has a planar 
or almost planar three-coordinate environment. In addition, the 
M-N distance is usually shorter than the predicted single-bond 
distance. These observations are usually interpreted as evidence 
for significant pr-dr  bonding between the nitrogen and tran- 
sition-metal atoms.' However, the data are  not unequivocal 
because the length of an M-N single bond is not known exper- 
imentally. In addition, the structural features might be due to 
ionic bonding, with a tight, head-on orientation of the N R F  dipole. 

In this study we have determined the core electron binding 
energies of the metal, nitrogen, and carbon atoms in seven hom- 
oleptic dimethylamido complexes of the early transition metals. 
These data can be used to ascertain the importance of N-M 
pr-dr  bonding in two ways. First, the data can be used 
qualitatively to estimate the relative magnitudes of atomic charges, 
and these atomic charge data  can be interpreted in terms of 
possible p w d r  bonding. Second, the localized orbital ionization 
potential (LOIP) method can be ~ s e d . ~ ! ~  That is, the core binding 
energies can be used to estimate what the nitrogen lone-pair 
ionization potentials would be if the lone pairs were strictly 
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