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The six-coordinate azido(pyridine)(tetraphenylporphinato)iron(III) complex, Fe(TPP)N3py, has been prepared and its structure 
has been determined by diffraction techniques. The monoclinic unit cell contains four F ~ ( T P P ) N , P ~ - ~ / , P Y  formulations 
and has a = 14.519 (3) A, b = 23.651 ( 5 )  A, c = 13.030 (3) A, and p = 103.94 (1)O. The space group is P2,/n. The 
calculated and experimental densities are 1.28 and 1.27 g/cm3 at  22 f 1 "C. Diffracted intensities have been recorded 
for 4200 reflections classified as observed. The final discrepancy factors are R = 8.6% and R, = 1 1.2%. The nearly tetragonal 
geometry and bond distances of the coordination group are consistent with a low-spin ferric ion. This spin state has been 
confirmed by a temperature-dependent magnetic analysis by using the Faraday method over the temperature range from 
77 to 297 K. The effective magnetic moments range from 2.09 (1) p~ at 77 K to 2.33 (1) p~ at 297 K and are characteristic 
of a low spin state with spin-orbit coupling. Equilibrium constants for the addition of pyridine, N-methylimidazole, and 
imidazole to Fe(TPP)N3 in CH2CI2 at 23 f 1 OC have been determined from the visible spectra. The equilibrium observed 
is Fe(TPP)N3 + B (K , )  @ Fe(TPP)N,B where the product is six-coordinate. K,  for pyridine is small, confirming the instability 
observed for Fe(TPP)N3py in the magnetic study. For imidazole, Fe(TPP)N, + 2B ((3,) @ Fe(TPP)B2+N3- is observed 
in addition to the other equilibrium. 

Introduction 

Iron porphyrins and  their  reactions have been the  subject 
of extensive r e ~ e a r c h . ~ , ~  T h e  interest in iron porphyrins stems 
not only from the  diverse biological roles of the iron porphyrin 
moiety found in proteins, cytochromes, peroxidases, etc. bu t  
also f rom the  a r ray  of physical properties observed for the  
coordinated Fe(I1) a n d  Fe(II1) ions. Synthetic model com- 
plexes have been widely studied with t h e  hope of clarifying 
the  details of t he  many  biological mechanisms involving iron 
porphyrin centers. 

T h e  compound described in this study, azido(pyridine)- 
(tetraphenylporphinato)iron(III), Fe(TPP)N,py, is one of the  
very few synthetic ferric porphyrins with axial ligands that a r e  
not i d e n t i ~ a l , ~ ~ ~  and the  first for which a n  X-ray crystal  
structure has been completed. Azide and  pyridine a re  the  axial 
l igands in this complex. In this report  we describe the  ste- 
reochemistry of Fe(TPP)N3py,  t h e  ferric ion spin state,  and  
the  equilibrium reaction of azido(tetraphenylporphinat0)- 
iron(III), Fe(TPP)N3, with pyridine, N-methylimidazole, and  
imidazole. T h e  systematic s tudy  of F e ( T P P ) N 3  with the  
selected bases offers information about  t he  na ture  of noni- 
dentical axial bonds and the trans effect of the  ligands on each 
other.  T h e  unusual fea ture  of the  nonidentical axial ligands 
in this complex contributes new information about iron 
porphyrins. 

Experimental Section 

Syntheses. The starting iron porphyrin was chloro(tetrapheny1- 
porphinato)iron(III), Fe(TPP)Cl, and had been prepared by published 
methods.6 All other chemicals were reagent grade. All solvents were 
dried according to standard procedures.7 

About 100 mg of Fe(TPP)Cl was dissolved in 50 mL of chloroform. 
Into 15 mL of distilled water was dissolved 0.7 g of NaN,, and the 
solution was made acidic with concentrated H2S04. Caution! The 
hydrazoic acid, HN3, generated is highly toxic and can be explosive 
outside of the aqueous solution! The chloroform solution was stirred 
together with the aqueous solution for 18 h. The chloroform solution 
was then separated, dried over anhydrous Na2S04, and gravity filtered. 
The solvent was removed from the product Fe(TPP)N, under vacuum. 
The Fe(TPP)N, was recrystallized from either methylene chloride 
or benzene by allowing pentane to diffuse into the solution in a closed 
container. Dry solvents were used to minimize contamination with 
the hydrolysis product [ (Fe(TPP)],O. Crystals of the final product, 
found later by X-ray crystallography to be the pyridine solvate 
F ~ ( T P P ) N , P ~ ' / ~ P Y ,  were grown by dissolving Fe(TPP)N3 in dry 
pyridine and allowing dry pentane to diffuse into the solution in a 
closed container. 

Magnetic Study. The Faraday method was used for the magnetic 
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analysis of Fe(TPP)N3py-1/2py. A description of the Faraday ap- 
paratus used for this study, the procedure for data collection, and the 
documentation of the apparatus have been reported elsewhere.8 The 
temperature range of the data is 77 K to room temperature. A 
HgCo(SCK), standard was checked against the Ni(NH,)*(S- 
04),.6H20 standard systematically throughout the data collections. 

Initial measurements on several samples of Fe(TPP)N,pyJ/,py 
gave magnetic moments in the intermediate spin range, which were 
not reproducible from sample to sample. Characterization of these 
samples gave accurate C, H, and N analyses prior to the data col- 
lection. The infrared spectrum (Perkin-Elmer 457) on a KBr pellet 
showed two azide stretching frequencies, 2000 and 2040 cm-I. The 
band at 2040 cm-' corresponds to the high-spin compound Fe(TPP)N,. 
The apparent loss of pyridine ligand demanded special precautions 
to obtain a homogeneous sample. 

Crystals of the sample used for the magnetic study were selected 
under a microscope to ensure homogeneity. The crystals were not 
ground prior to data collection in order to reduce pyridine loss. 
(Replicate samples measured at room temperature indicated negligible 
error due to preferred orientation of the relatively large crystals.) For 
the low-temperature measurements, carried out in a helium atmo- 
sphere, the procedure for loading the sample avoided subjecting it 
to vacuum. The purity of the bulk sample used in the magnetic study 
was established from (1) the room temperature peff of 2.33 (1) pB, 
a reasonable value for low-spin iron(III), (2) the spot quality of X-ray 
diffraction photographs, and (3) elemental analysis. Anal. Calcd 
for Csl 5H35.5NB ,Fe (is.,  Fe(TPP)N,py.'/,py): C, 74.59; H, 4.3; N,  
14.36. Found: C, 74.57; H, 4.34; N ,  14.28. 

Equilibrium Study. The Fe(TPP)N3 was prepared from the chloride 
derivative Fe(TPP)Cl as described above. Analytical grade methylene 
chloride (Mallinckrodt) was dried by reflux over phosphorus pentoxide 
followed by distillation. The pyridine (Mallinckrodt) and N- 
methylimidazole (Aldrich) were dried over potassium hydroxide for 
several days followed by reflux over barium oxide and distillation. 
The imidazole (Aldrich) was recrystallized twice from distilled benzene 
and dried under vacuum. Anal. Calcd for C44H28N7Fe: C, 74.36; 
H, 3.97; N ,  13.80. Found: C, 74.30; H, 4.01; N, 13.70. 

A Cary 14 s ectrometer was used for spectral measurements from 
4600 to 7200 1. The spectra were recorded at  23 f 0.5 OC with a 
1-cm path length cell. The equilibrium constants were determined 
from changes in the visible spectrum caused by varying the amine 
concentration in solutions with a prepared initial concentration of -7 
X 

Crystal Structure Determination. Opaque black-violet crystals of 
F ~ ( T P P ) N , P ~ ' / ~ P Y  used for the X-ray structure determination were 
grown by slow evaporation from a 1: 1 pyridine-chloroform solution 
of Fe(TPP)N3. Precession photographs taken with Ni-filtered Cu 
Ka radiation uniquely determined the space group P2,/n. Refined 
lattice parameters obtained during the data collection were a = 14.519 
(3) A, b = 23.651 ( 5 )  A, c = 13.030 (3) A, and p = 103.94 (1)'. 
The density measured by flotation in a mixture of CCI, and hexane 
was 1.28 (1) g/cm3; calculated density for Fe(TPP)N3py1/,py was 

M Fe(TPP)N3 in methylene chloride. 

0 1979 American Chemical Society 



An Unsymmetr ical ly  Substituted Iron(II1) Porphyrin 

1.27 g/cm3, assuming one formula weight per asymmetric unit and 
z = 4. 

The intensity data were collected by using a Syntex P1 four-circle 
diffractometer. Graphite-monochromated Mo K a  radiation (a I  = 
0.709 24 A, a2 = 0.713 54 A) was employed with a takeoff angle of 
approximately 4O. The 6-26 scan technique was used with variable 
scan rates from 1.0 to 6.O0/min. The 26 scan range was from 0.8" 
below Karl to 0 . 8 O  above Ka2. Backgrounds were measured from a 
time equal to half the scan time. All reflections for (sin 6)/X less 
than 0.602 A-l were scanned. Maximum possible hkl values were 
set a t  19,32,17; minimum ones were set a t  -19,0,0. The intensities 
of four standard reflections were measured every 50 reflections. A 
least-squares fitting of the average relative intensity vs. exposure hours 
for the standards gave zero slope. Maximum deviation from the 
average relative intensity was 6%. 

The raw intensity data were reduced9 directly to a set of relative 
squared amplitudes, IFaI2, by application of the standard Lorentz and 
polarization factors. Standard deviations were calculated from1° u2(Fa) 
= [Ct + k2B + p2(Ct - kB)2]/41Fa12(Lp)2, where Ct  is the count of 
the scan, k is the ratio of scanning time to background counting time, 
B is total background count, p is Ibers' factor" with a value of 0.04, 
and Lp is Lorentz and polarization factors. No absorption correction 
was made. The crystal size was 0.15 X 0.24 X 0.47 mm. The 
maximum and minimum transmission factors, 0.94 and 0.91, re- 
spectively, were calculated on the basis of a linear absorption coefficient 
of p = 4.07 cm-I. All systematically extinct reflections had very low 
counts (Fa < 3u(F0)), and when they were excluded from the data 
set, 7548 reflections were left. All reflections having Fa greater than 
3u(Fa) were flagged as observed, giving 4200 observed. Only observed 
reflections were used in the structure solution and refinement. 

An origin-removed Patterson map was calculated12 and the general 
position of the Fe atom was located at  2x = 0.194, 2y = 0.403, and 
22 = 0.700. A series of difference Fourier maps, phased initially with 
the Fe atom, revealed the positions of all the carbon and nitrogen atoms 
in the axially coordinated pyridine and azide, and in the tetra- 
phenylporphyrin group. Scattering factors for Fe, C, and N were 
taken from ref 13; anomalous scattering factors for Fe were taken 
from ref 14. After two cycles of block-diagonal least-squares re- 
finement,Is a difference Fourier map revealed electron density about 
the special position of rank two, whose coordinates are 1/2 ,  0, 0 and 
0, 1/2.  This electron density was assumed to be a disordered 
pyridine solvate. The formulation per asymmetric unit is thus Fe- 
(TPP)N3py'/2py. This formula gives a calculated density of 1.268 
g/cm3 in g o d  agreement with the experimental value of 1.28 g/cm3. 
Since distinct peaks about 1/2, 0,O could not be picked out in a way 
which made chemical sense, positions for carbon atoms of a "benzene" 
ring with C-C distances of 1.395 A and occupancy factors of 0.5 were 
added in the solvent area. Refinement was continued by using 
full-matrix techniques with the phenyl rings and the disordered solvate 
held as rigid groups. Refinement was stopped when no shifts were 
greater than N 10% of the standard deviation for positions and none 
were greater than -30% for thermal parameters. The hydrogen 
atoms, except for those of the solvate, were put in a t  fixed positions, 
with d(C-H) = 0.95 Their thermal parameters were fixed at  
one unit higher than the bonded carbon atom, Le., Iso(H) = Iso(C) 
+ 1. Scattering factors for H were taken from ref 17. With 33 
hydrogens included, the iron, nitrogen, and carbon atoms and groups 
were refined again. The hydrogens were readjusted to the 0.95 i% 

C-H distance and the other atoms refined again. This process was 
repeated for three refinement cycles. The R values were constant 
for the last two cycles a t  R = CIFa - F,I/CIFal = 8.6% and R, = 
(Cw(lFal - IFcl)2/CwlFa12)'/2 = 11.2% where Fa IS the observed 
structure factor, F, is the calculated structure factor, and w is the 
weighting factor, w = 4F,2/u2(Fa). The final data to parameter ratio 
was 11.6. The average deviation of an observation of unit weight was 
2.94. A final difference Fourier map showed the highest peak of 0.89 
e/A3 located in the area of the phenyl rings. Atomic positional and 
thermal parameters are listed in Tables I, 11, 111, IV, and V. The 
relatively high R values result from difficulties due to the disordered 
solvent molecule and crystal quality generally. Attempts to obtain 
a better data set failed although the effort included sealing crystals 
into a capillary tube under pyridine. 

Results and Discussion 
Description of the Stereochemistry and Correlation with Spin 

State. The calculated bond lengths and bond angles  for  
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Table I. Fractional Atomic Coordinates of Porphinato Core 
and Axial Ligandsa 

atomb X Y Z 

0.1046 (1) 
0.0484 (4) 
0.1727 (4) 
0.1567 (4) 
0.0334 (4) 
0.2092 (5) 

0.2577 (8) 
0.2966 (10) 

-0.0098 (5) 

-0.0497 (7) 
-0.1218 (8) 
-0.1577 (8) 
-0.1190 (8) 
-0.0450 (7) 

0.0698 (5) 
0.1398 (6) 
0.1864 (5) 
0.2505 (6) 
0.2711 (6) 
0.2234 (6) 
0.23 22 (6) 
0.2039 (6) 
0.2236 (7) 
0.1884 (7) 
0.1473 (6) 
0.0969 (6) 
0.0446 (5) 

-0.0087 (6) 
-0.0556 (6) 
-0.0293 (5) 
-0.0608 (5) 
-0.0260 (5) 
-0.0516 (6) 

0.0062 (6) 

0.2005 (0) 
0.1351 (2) 
0.2225 (2) 
0.2674 (2) 
0.1800 (2) 
0.1558 (3) 
0.2504 (3) 
0.1271 (4) 
0.0982 (6) 
0.2885 (4) 
0.3221 (5) 
0.3168 (5) 
0.2792 (5) 
0.2464 (4) 
0.1174 (3) 
0.1397 (3) 
0.1899 (3) 
0.2182 (4) 
0.2687 (4) 
0.2712 (3) 
0.3155 (3) 
0.3128 (3) 
0.3554 (3) 
0.3360 (4) 
0.2814 (3) 
0.2497 (3) 
0.2018 (3) 
0.1689 (3) 
0.1294 (3) 
0.1352 (3) 
0.1001 (3) 
0.1008 (3) 
0.0635 (3) 
0.0724 (3) 

0.3503 (1) 
0.2596 (4) 
0.2413 (4) 
0.4372 (4) 
0.4572 (4) 
0.4280 ( 5 )  
0.2728 (5) 
0.3909 (7) 
0.3488 (12) 
0.3239 (7) 
0.2770 (9) 
0.1687 (9) 
0.1 153 (8) 
0.1673 (6) 
0.1689 (5) 
0.1252 (6) 
0.1591 (6) 
0.1083 (6) 
0.1554 (7) 
0.2409 (6) 
0.3 120 (6) 
0.4048 (6) 
0.4865 (6) 
0.5668 (6) 
0.5371 (6) 
0.5959 (6) 
0.5580 (6) 
0.6149 (6) 
0.5498 (6) 
0.4507 (6) 
0.3637 (6) 
0.2731 (5) 
0.1871 (6) 
0.1228 (6) 

a Standard deviation in parentheses. N, through N, and C,, 
through C3, make up the porphinato core. N,, N,, , and Nsz are 
the azide nitrogens; N, is bonded to  the Fe. N, and C6 through 
C,, are the atoms of the pyridine ligand. 

Figure 1. Perspective drawing of Fe(TPP)N3py; 50% probability 
ellipsoids. Hydrogens have been omitted for clarity. 

Fe(TPP)N3pyJ/2py are listed in Tables VI and VII. Figure 
1 is a computer-drawn diagram18 of the molecule. Figure 2 
shows the packing in t h e  uni t  cell. F igure  3 gives t h e  dis- 
placements  of the atoms from t h e  mean skeletal plane. 

The molecule has no space group required symmetry, but 
Figures 1 and 3 qualitatively show the quasi-S4 ruffling19 of 
t h e  porphinato skeleton. This symmetry is most easily seen 
in the methine carbons. Their displacements alternate above 
and below the mean porphyrin plane. This quasi-S4 ruffling 
is also exemplified in the dihedral angles of the pyrrole rings 
with the mean plane of the porphinato core. These are listed 
in Table VII I .  S imi la r  magnitudes in quasi-S4 ruffling are 
observed, for example, in bis(imidazo1e) ( te t raphenylporphi-  
nato)iron(III) chloride,*O which also has no required space 
group symmetry. When little or no symmetry is required of 
t h e  metal loporphyrin in its crystalline arrangement, it is 
generally observed that the mean deviation from t h e  average 
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Table 11. Anisotropic Thermal Parameters (in 

Adams et al. 

0.0057 (1) 
0.0060 (4) 
0.0059 (4) 
0.0063 (4) 
0.0053 (4) 
0.0075 (5) 
0.0064 (4) 
0.0132 (9) 
0.0205 (14) 
0.0075 (6) 
0.0100 (8) 
0.0108 (9) 
0.0098 (8) 
0.0083 (7) 
0.0061 (5) 
0.0068 (5) 
0.0063 (5) 
0.0079 (6) 
0.0080 (6) 
0.0063 (5) 
0.0070 (5) 
0.0066 (5) 
0.0107 (7) 
0.0102 (7) 
0.0068 (6) 
0.0082 (6) 
0.0064 (5) 
0.0082 (6) 
0.0072 (6) 
0.0053 (5) 
0.0049 (5) 
0.0053 (5) 
0.0067 (5) 
0.0068 (5) 

0.0014 (0)  
0.0014 (1) 
0.0013 (1) 
0.0013 (1) 
0.0014 (1) 
0.0022 (2) 
0.0018 (1) 
0.0022 (2) 
0.0045 (4) 
0.0025 (2) 
0.0034 (3) 
0.0031 (3) 
0.0029 (2) 
0.0023 (2) 
0.0015 (2) 
0.0016 (2) 
0.0016 (2) 
0.0021 (2) 
0.0021 (2) 
0.0018 (2) 
0.0015 (2) 
0.0016 (2) 
0.0017 (2) 
0.0020 (2) 
0.0016 (2) 
0.0019 (2) 
0.0017 (2) 
0.0020 (2) 
0.0019 (2) 
0.0015 (2) 
0.0013 (1) 
0.0013 (1) 
0.0015 (2) 
0.0016 (2) 

0.0048 (1) 
0.0049 (4) 
0.0049 (4) 
0.0050 (4) 
0.0054 (4) 
0.0067 (5) 
0.0064 (5) 
0.0093 (7) 
0.0255 (17) 
0.0076 (7) 
0.0127 (11) 
0.0106 (10) 
0.0084 (8) 
0.0058 (6) 
0.0047 (5) 
0.0054 (5) 
0.0057 (5) 
0.0075 (7) 
0.0077 (7) 
0.0059 (6) 
0.0055 (6) 
0.0066 (6) 
0.0067 (6) 
0.0058 (6) 
0.0054 (6) 
0.0050 (5) 
0.0056 (5) 
0.0056 (6) 
0.0065 (6) 
0.0062 (6) 
0.0065 (6) 
0.0052 (5) 
0.0062 (6) 
0.0060 (6) 

I ;  a In the form of e ~ p [ - 2 ? r ~ ( h ~ a * ~ U ~ ~  t . . . + 2hka*b*UI2 t . . .)] 

7- 4 -e- 

/ 

-0.0004 (0 )  
-0.0003 (2) 
-0.0007 (2) 
-0.0005 (2) 
-0.0002 (2) 

0.0005 (2) 
0.0001 (2) 
0.0002 (3) 
0.0037 (6) 
0.0015 (3) 
0.0024 (4) 
0.0023 (4) 
0.0009 (4) 
0.0003 (3) 

-0.0003 (2) 
-0.0004 (2) 
-0.0004 (2) 
-0.0011 (3) 
-0.0017 (3) 
-0.0006 (3) 
-0.0006 (2) 
-0.0005 (2) 
-0.0013 (3) 
-0.0011 (3) 
-0.0007 (2) 
-0.0005 (3) 
-0.0003 (3) 
-0.0004 (3) 
-0.0004 (3) 
-0.0000 (2) 
-0.0003 (2) 
-0.0002 (2) 
-0.0008 (2) 
-0.0007 (2) 

0.0020 (3) 
0.0016 (3) 
0.0009 (3) 
0.0013 (3) 
0.0015 (4) 
0.0016 (4) 
0.0035 (6) 
0.0123 (13) 
0.0000 (5) 
0.0008 ( 8 )  

-0.0002 (7) 
-0.0007 (7) 

0.0005 (5) 
0.0018 (4) 
0.0020 (4) 
0.0017 (4) 
0.0032 (5) 
0.0025 (5) 
0.0014 (5) 
0.0013 (4) 
0.0013 (5) 
0.0027 (6) 
0.0020 (5) 
0.0002 (5) 
0.0018 (5) 
0.0016 (4) 
0.0031 (5) 
0.0031 (5) 
0.0017 (4) 
0.0013 (4) 
0.0014 (4) 
0.0018 (5) 
0.0014 (5) 

standard deviations are in parentheses. 

C 
'30 - "l2" 

-0.0004 (2) 
-0.0004 (2) 
-0.0003 (2) 
-0.0002 (2) 
-0.0003 (2) 
-0.0002 (2) 

0.0009 (3) 
0.0002 (6) 

-0.0003 (3) 
-0.0007 (4) 

0.0005 (4) 
0.0001 (4) 
0.0003 (3) 

-0.0000 (2) 
-0.0004 (2) 
-0.0004 (2) 
-0.0007 (3) 
-0.0006 (3) 

0.0000 (3) 
-0.0003 (2) 
-0.0005 (3) 
-0.0009 (3) 
-0.0009 (3) 
-0.0006 (2) 
-0.0006 (3) 
-0.0004 (3) 
-0.0005 (3) 

0.0001 (3) 
-0.0001 (2) 

0.0001 (2) 
-0.0003 (2) 
-0.0002 (2) 
-0.0004 (2) 

' lA 

Figure 3. Diagram of porphinato core showing the perpendicular 
displacements from the mean plane. The units are 0.01 A. Negative 
displacements are toward the azide. 

Figure 2. Porphyrin packing within the unit cell. 

bond length or bond angle of the class differs insignificantly 
from the root-mean-square estimated standard de~ ia t i0n . l~  
These data have been tabulated in Table IX. In these cir- 
cumstances, the symmetry of the porphyrin core can be raised 
to q ~ a s i - D , ~ , ' ~  

The average length of the four iron-porphinato nitrogen 
bonds in Fe(TPP)N,py.'/,py is Fe-N, = 1.989 (6, 5) A. In 
low-spin ferric porphyrins, the iron atom is six-coordinate and 
coplanar with the porphinato nitrogens.' The chloride 
derivativeZo of Fe(TPP)(Im)2+ and the perchlorate derivativeZ1 
of Fe(OEP)(Im)2+ are the only synthetic low-spin ferric 
porphyrins for which crystal structure determinations have 
been done. An Fe-N, bond length of 1.99 A is also observed 
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Table 111. Phenyl Parameters:a Group, Atomic, and Thermal 

groupb X Y Z 

Ph,,, 0.1651 (4) 0.1090 (2) 0.0342 (4) 
Ph,,, 0.2750 (4) 0.3693 (2) 0.2833 (4) 
Ph,,, 0.0944 (6) 0.2710 (3) 0.7029 (5) 
Ph,,, -0.1342 (3) 0.0563 (2) 0.3693 (4) 

phenyl 
carbonC x Y Z 5,d A2 

C121 0.1651 0.1090 0.0342 4.3 (2) 
C,,, 0.2175 0.0591 0.0563 6.2 (2) 
C,,, 0.2470 0.0310 -0.0243 7.1 (2) 
C,,, 0.2242 0.0527 -0.1269 6.2 (2) 
C,,, 0.1718 0.1025 -0.1489 6.5 (2) 
C,,, 0.1423 0.1307 -0.0683 5.3 (2) 
C,,, 0.2750 0.3693 0.2833 4.4 (2) 
C,,, 0.3685 0.3843 0.3309 5.5 (2) 
C,,, 0.4067 0.4341 0.3013 5.9 (2) 
C,,, 0.3514 0.4690 0.2242 6.0 (2) 
C,,, 0.2579 0.4540 0.1767 6.8 (2) 
C,,, 0.2197 0.4042 0.2062 6.3 (2) 
C,,, 0.0944 0.2710 0.7029 6.1 (2) 
C,,, 0.1773 0.2717 0.7836 8.0 (3) 
C,,, 0.1752 0.2915 0.8838 11.1 (4) 
CZ2, 0.0901 0.3106 0.9034 11.4 (4) 
C,,, 0.0072 0.3100 0.8226 14.1 (5) 
C,,, 0.0093 0.2902 0.7224 11.0 (4) 
C,,, -0.1343 0.0563 0.3693 3.8 (2) 
C,,, -0.2288 0.0723 0.3570 5.6 (2) 
C,,, -0.2956 0.0327 0.3720 6.8 (2) 
C,,, -0.2678 -0.0229 0.3992 6.0 (2) 
C,,, -0.1733 -0.0388 0.4116 5.8 (2) 
C,,, -0.1065 0.0008 0.3966 4.6 (2) 

a Standard deviations in parentheses. * The phenyl group pa- 
rameters are the fractional positions, x ,  y ,  z ,  of the centroid of the 
six-membered ring. The phenyl carbons of the six-membered 
ring are numbered such that C,,, is attached to  C,, of the por- 
phinato core; the other carbons are numbered in succession. 

Isotropic temperature factor is in the form exp {-(5/4)[(2 sin 
e ) z / h ~  1. 
Table IV. Disordered Solvent Parameters" 

group centroid x Y Z 

Phso 0.491 (2) -0.015 (2) -0.027 (2) 

carbon multi- 
atoms x Y 5,A2 plicity 

C,, 0.4911 -0.0159 -0.0272 20 0.5 
C,, 0.5085 -0.0653 -0.0780 20 0.5 
C,, 0.5356 -0.0621 -0.1735 20 0.5 
C,, 0.5454 -0,0095 -0.2182 20 0.5 
C,, 0.5280 0.0399 -0.1674 20 0.5 
C,, 0.5009 0.0367 -0.0719 20 0.5 

" Standard deviations in parentheses. Group parameters de- 
fined in Table 111. ' The solvent molecule was given a fixed group 
thermal parameter of 20. 

in the bis(imidazo1e) complex.20 In Fe(TPP)(Im)2t and 
Fe(TPP)N3py, the iron atom is essentially coplanar with the 
porphinato nitrogen atoms. These equatorial parameters 
appear to be consistent with the absence of an unpaired 
electron in the dX2+ orbitaL2 

The axial bond length of the iron to the azide nitrogen is 
Fe-N,, = 1.925 (7) A; the Fe-N-N angle is 125.6 (7)'. The 
projection of the azide ligand onto the porphinato plane makes 
angles of approximately 40 and 50' with adjacent Fe-N, 
vectors. The plane of the pyridine ligand is nearly perpen- 
dicular to the plane of the porphyrin (89'). The projection 
of the pyridine ligand onto the porphyrin plane again results 
in angles of approximately 40 and 50' with adjacent Fe-N, 
vectors. The angle between the azide projection and the 
pyridine projection is approximately 10'. 
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Table V. Fractional Atomic Coordinates for Hydrogen Atoms" 

atom" X Y Z 

-0.0251 0.2924 0.3979 
-0.1485 0.3483 
-0.2093 0.3400 
- 0.1434 0.2754 
-0.0177 0.2201 
0.2736 0.2040 
0.3099 0.2970 
0.2551 0,3902 
0.1910 0.3540 

-0.01 10 0.1742 
- 0.0 9 84 0.1022 
-0.1014 0.0365 
0.0053 0.0530 
0.2329 0.0444 

0.2449 0.0338 
0.1568 0.1175 
0.1066 0.1647 
0.4061 0.3604 
0.4704 0.4440 
0.3776 0.5026 
0.2205 0.4776 
0.1562 0.3939 
0.2351 0.2586 
0.2317 0.2920 
0.0887 0.3241 

-0.0507 0.3229 
-0.0472 0.2896 
-0.2477 0.1101 
-0.3599 0.0435 
-0.3132 -0.0498 
-0.1544 -0.0766 
-0.0422 -0.0101 

0.2831 -0.0028 

0.3158 
0.1340 
0.0406 
0.1287 
0.0519 
0.1362 
0.4841 
0.6319 
0.6864 
0.5658 
0.1762 
0.0590 
0.1263 

-0.0090 
-0.1814 
-0.2185 
-0.0833 
0.3838 
0.3340 
0.2043 
0.1243 
0.1741 
0.7702 
0.9388 
0.9716 
0.8360 
0.6674 
0.3385 
0.3638 
0.4098 
0.4 305 
0.405 1 

" The lab€ lumber for a hydrogen is identical with the number 
for the carbon to which it is attached. 
Table VI. Bond Lengths in Coordination Group and 
Porphinato Skeleton" 
typeb length, A typeb length, A typeb length, A 

FsN, 1.999(6) NP-Ca ca-cb 
Fe-N, 1.985 (6) N,-C,, 1.358 (8) C,,-C,, 1.442 (10) 
FsN, 1.986 (6) N,-C,, 1.395 (8) C,,-C,, 1.432 (11) 
FsN, 1.985 (6) N,-C1, 1.373 (9) C,,-C,, 1.448 (11) 
FsN, 1.925 (7) N,-C,, 1.368 (9) C,,-C,, 1.443 (10) 

N,-N,, 1.164 (11) N,-C,, 1.381 (9) C,,-C,, 1.423 (11) 
N,,-N,, 1.111 (12) N4-C,, 1.383 (9) C,,-C,, 1.437 (10) 
N,-C, 1.333 (10) N,-C,, 1.387 (9) C,,-CZ9 1.406 (9) 
C,-C, 1.338 (12) Cm-Ca 
C,-C, 1.387 (14) Cl1-C,, 1.384 (10) C,,-C,, 1.343 (11) 
C,-C, 1.333 (14) C,,-C,, 1.385 (10) C19-C,, 1.350 (11) 
C,-C,, 1.366 (12) C,,-C,, 1.384 (10) C,,-C,, 1.335 (10) 
N,-C,, 1.349 (10) C1,J2,, 1.368 (10) CZ9-C3, 1.338 (10) 

CZP-Cal 1.400 (11) 
C,,-C,, 1.386 (10) 
C,,-C,, 1.391 (10) 
C,7-C,, 1.391 (10) 

Fe-N, 2.089 (6) N,-C,, 1.394 (9) C,,-C,, 1.436 (10) 

cb-cb 

a Standard deviations in parentheses. Atom types with alpha- 
betical subscripts are defined as follows: N,, porphinato nitro- 
gens; C, and Cb, o( and p carbons of the porphyrin pyrrole; C,, 
methine carbons of the porphyrin. Tables VI1 and IX also use 
this notation. 

The axial Fe-N,, bond length of 1.925 (7) A is longer than 
the corresponding distance observed in the five-coordinate 
high-spin derivative Fe(TPP)N3 (1.909 A).22 The other axial 
bond length (Fe-N J is 2.089 (6) A, which is longer than the 
normal axial Fe"'-k distance of 2.00 A92s20 This lengthening 
is probably the result of steric interactions of the pyridine with 
the porphinato core. Distances between the cy pyridine hy- 
drogen atoms and the porphinato nitrogen atoms are N1-Hlo 
= 2.67 A, N2...H10 = 2.80 A, N3-*H6 = 2.63 A, and N4-H6 
= 2.84 A. Lengthening of the axial Fe-N bonds has also been 
observed in Fe11(TPP)(pip)2,23 The bis(piperidine)ferrous 
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Table VII. Bond Angles in Coordination Group and Porphinato Skeletona 

type angle, deg type angle, deg angle, deg 
N, FeN, 89.0 (2) Ca NpCa 
N2FeN3 90.7 (2) C28NlCIl 
N3 FeN, 89.2 (2) C 1 3 N 2 C 1 6  

N,FeN, 91.0 (2) 
N,FeNi 
N2FeNs 
N3FeN, 
N, FeN, 
N, FeN, 
N2 FeN, 
N3FeN, 
N, FeN, 

FeN,N,, 

FeN6C, 
FeN, C 

N $ F e N 6  

N,N,lN,2 

'6'7'8 

c,c,c9 
c8c9c10 

'9'lUN6 

N 6 C 6 C 7  

92.5 (3) 
93.1 (3) 
89.7 (3) 
88.6 (3) 
89.3 (2) 
88.9 (2) 
88.6 (2) 
89.4 (2) 

177.3 (3) 
125.6 (7) 
173.6 (14) 
122.1 (5) 
121 .O (6) 
118.1 (10) 
119.3 (9) 
120.0 (9) 
121.6 (8) 
124.1 (8) 

a Standard deviations in parentheses. 

Table VIII. Dihedral Angles of Least-Squares Planes 

plane 1 plane 2 angle, deg 
four porphinato nitrogens phenyl 120 

phenyl 170 
phenyl 220 
phenyl 270 
N, -pyrrole 
N,-pyrrole 
N,-pyrrole 
N,-pyrrole 

N,,N,,N, 
Fe,N, JSl N 3  ,N 1 >N3 

pyridine N 6 , N 1 N 3  

N,,N,,N, 

69 
73 
63 
73 
11 
12 
11 
10 
50 
39 
40 
49 

Table IX. Mean Bond Lengths (A) for Chemically Equivalent 
Bonds in the Porphinato Core 

type meana t Y  Pe meanu 
Fe-Np 1.989 (6, 5) cb-cb 1.342 (11, 5) 
Np-Ca 1.380 (9, 10) Ca-Cm 1.386 (10,6) 
ca-cb 1.433 (10, 10) 

a In  parentheses are root-mean-square estimated standard de- 
viation and average mean deviation, respectively. 

complex has been shown to be low spin even with the axial 
bonds lengthened to 2.126 A. The axial bond lengths of 
low-spin CO"'(TPP)(NO~)(~,~-~U~)~~ are interesting for 
comparison with Fe(TPP)N3py.'12py. The Co-NNO, bond 
length is 1.948 (4) A; the Co-N,,, bond length is 2.036 (4) 
A. These are comparable to the axial bonds of Fe(TPP)- 
N,py*'/,py and reflect the absence of the unpaired electron 
in the dZ2 orbital of the Co(II1) ion. The effect of the unpaired 
electron in the dZz orbital on the axial bond lengths can be seen 
in [(pip)2Co(TPP)]+ 25 compared with the reduced species 
(pip)2Co(TPP).26 The equatorial Co-N, bond lengths are 
almost identical in these two cobalt porphyrins. The axial 
lengths are Co(III)-Nplp = 2.060 (3) A and Co(II)-Nplp = 

106.2 (6) 
106.9 (6) 
105.5 (6) 
105.6 (6) 

126.4 (4) 
127.3 (5) 
127.0 (5) 
125.8 (5) 
126.1 (5) 
128.2 (5) 
127.8 (5) 
126.1 (5) 

124.4 (6) 
125.9 (7) 
125.3 (7) 
126.7 (7) 
125.3 (7) 
124.8 (6) 
124.9 (7) 
126.0 (7) 

109.2 (6) 
109.4 (6) 
109.3 (6) 
109.1 (6) 
109.8 (7) 
110.0 (7) 
109.6 (7) 
109.3 (6) 

c 

107.7 (7) 
107.0 (7) 
106.8 (7) 
107.9 (7) 
108.1 (7) 
107.3 (7) 
108.3 (7) 
107.0 (7)  

124.8 (7) 
125.2 (7) 
124.2 (7) 
124.8 (7) 
125.0 (7) 
125.5 (7) 
124.6 (7) 
126.0 (7) 

123.1 (7) 
123.8 (7) 
123.9 (7) 
124.7 (7) 

zzoi i /  
I / 

,Q / 
I . I , , , , , , , , ,  

80 l i 0  160 200 240 280 ' 
T,OK 

Figure 4. Plot of l / x ~ ~ "  vs. T for Fe(TPP)N3py.'/2py. 

2.436 (2) A. Thus, the stereochemical parameters for Fe- 
(TPP)N3py'12py are consistent with a low-spin ferric ion that 
is described in the magnetic analysis which follows. 

Temperature-Dependent Magnetic Analysis. Magnetic 
susceptibilities, x, and moments, k ,  for Fe(TPP)N3py.'12py 
from 77 K to room temperature are given in Table X. A plot 
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Table X. Temperature-Dependent Magnetic Data for 
Fe(TTP)N,w1/ 1pY 

xMcor b ,c  

T,' K x p b  CgS/g CgS/dOl &ff,b'd fiB 

77 7.93 (11) X 7.08 (9) X 2.09 (1) 
100 5.88 (10) X 5.37 (9) X 2.07 (2) 
132 4.45 (7) X 4.19 (6) X 2.10 (2) 
164.5 3.56 ( 5 )  X 3.45 (4) X lo-)  2.14 (1) 
297 2.15 (1) X 2.28 (1) X 2.33 (1) 

In pa- 
rentheses are standard deviations for determinations at three field 
strengths. X M ~ ~ ~  is the molar susceptibility corrected for dia- 
magnetism. The diamagnetic correction used for TTP is -380 X 
10+ cgs/mol. The effective magnetic moment, M,ff, is defined 
as 2.83(x M c o r ~ ' ' z .  

of l/xMcor vs. T is  shown in Figure 4. The 6 value, 4 (5) K 
has been calculated from a linear least-squares fit of this plot 
for the three lowest temperature data. This small 8 value is 
in agreement with Weiss constants reported for ferric por- 
phyr in~ ." ,~~ Since there is no short intermolecular separations 
of the iron atoms in Fe(TPP)N3py.1/2py, any substantial 8 
value would probably be an indication of sample impurities. 

The values of p in Table X as well as their temperature 
dependence are typical for ferric ion with one unpaired 
e l e ~ t r o n ? ~  Le., the 2T ground term of a ferric ion in a strong 
octahedral field. The theoretical magnetic moment of a 2T 
ground term can be derived from Van Vleck's equation and 
is a complicated function of A, the spin-orbit coupling constant, 
and T ,  t e m p e r a t ~ r e . ~ ~ . ~ ~  Thus, the magnetic moment of a 2T 
ground term deviates from the spin-only value of 1.7 p ~ ,  p = 
2(S(S + l))ll2, and depends on temperature. Calculation of 
the magnetic moment of ferric ion in a strong octahedral field, 
by using the spin-orbit coupling constant of the free ion yields 
a p of 2.4 pB at 300 K,29 whereas experimental values for 
K3Fe(CN), are p(80 K) = 1.90 pB and p(300 K) = 2.25 y ~ . ~ ~  
Although the ligand field of Fe(TPP)N3py is tetragonal, it can 
be considered a 2T ground term split by an axially symmetric 
field.3093' The tetragonal field does not completely quench the 
spin-orbit coupling, so the magnetic moment will be a function 
of X and T, as in the octahedral case, and also of the tetragonal 
splitting parameter.3091 The magnetic moments should reflect 
this with values higher than spin-only and behavior very similar 
to the octahedral case, consistent with our observations of 

Equilibrium Study. In the course of the magnetic study, 
there were difficulties in obtaining reproducible data. In 
addition, the values of the magnetic moments of some samples 
were higher than one would expect for low-spin ferric ion. This 
suggested the possibility of loss of pyridine ligand. An 
equilibrium study of Fe(TPP)N3 with pyridine, and other 
selected bases, in CH2C12 at room temperature was undertaken 
in order to quantitatively document the nature of this reaction. 

Walker et al.32 and LaMar et al.33 have previously reported 
an equilibrium study of Fe(TPP)CI with aromatic nitrogenous 
bases in several solvents. The reaction proceeds in two steps: 

(1) Fe(TPP)Cl + B a Fe(TPP)ClB 

(2) Fe(TPP)ClB + B r Fe(TPP)B2+Cl- 

In general, for Fe(TPP)Cl K2 >> K 1 ,  so the overall reaction 

Fe(TPP)Cl + 2B C-r Fe(TPP)B2+CI- 

where p2 = K1K2 is usually observed, The complex Fe(TPP)Cl 
is five-coordinate with high-spin ferric ion. Fe(TPP)B2+Cl- 
is an associated ion pair; the complex cation is six-coordinate 
with low-spin ferric ion. The spin state and coordination of 
the ferric ion in Fe(TPP)ClB are not known. Below we 

a Temperatures are estimated to be accurate to k 1 K. 

Fe (TPW3py .  /2PY. 

Ki 

KZ 

82 
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Figure 5. Visible spectral changes for the addition of selected bases 
to a solution of -7 X 

compare the reactions of Fe(TPP)Cl with those of Fe(TPP)N3. 
The method used to determine the equilibrium constants 

was similar to that used by Walker et al.32 Visible spectral 
changes were recorded as an increasing amount of the selected 
base was added to a solution with an initial concentration of 
-7 X M Fe(TPP)N, in CH2C12. These spectral changes 
are shown in Figure 5. When no base is present, absorption 
maxima are observed at  5060 and 6840 A. As base is added, 
there is a gradual decrease in absorbance at these wavelengths; 
this is characteristic of a six-coordinate ferric porph rin.34,35 

pyridine and N-methylimidazole cases; the spectra associated 
with large base excesses (Le., pure base with the stock por- 
phyrin solution) do not go through the isosbestic points. For 
the imidazole case the curves cross over but no isosbestic points 
were observed. Thus, in the case of pyridine and N- 
methylimidazole, it is likely that a single base is adding to 
Fe(TPP)N3 until a large excess of base is present, at which 
point the equilibrium is driven toward the addition of a second 
base. For imidazole, the equilibrium reactions shift gradually 
from the addition of one base to two bases. The equilibrium 
constants calculated below support this interpretation. 

The equilibrium constants were initially calculated by 
following the method of Walker et al.32 The log [(Ao - A ) / ( A  
- A33 vs. log [B], is plotted, where A is the relative absorbance 
at 5060 A, A, is with no base present, A, is with excess base, 
and [B], is the initial concentration of base. With this method, 
if one base adds to the porphyrin, the plot should yield a 
straight line with a slope of 1.0; if two bases add, the slope 
should be 2.0. The log K ,  and log p2 are the y intercepts of 
plots with slopes of 1.0 and 2.0, respectively. 

Table XI gives the slopes and equilibrium constants cal- 
culated from a weighted linear least-squares fit of these plots. 
The slopes, particularly in the cases of pyridine and N- 
methylimidazole, show unacceptable deviations from 1 .O due 
to systematic errors. These errors arise from (1) the as- 
sumption that the extinction coefficients of Fe(TPP)N,B and 
Fe(TPP)B2+N3- are the same at 5060 A and (2) the large 
values of the Kl's compared to the K2's. The former source 
of error is the same assumption Walker et al.32 made with 
Fe(TPP)Cl; since K1 << K2 for the chloride derivative, any 

M Fe(TPP)N3 in CH2C12. 

Isosbestic points are observed near 5320 and 6400 K for the 
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Table XI. Parameters‘ from Least-Squares Fit of log [ ( A ,  - A ) / ( A  - - A p ) ]  vs. log [B], and the Resultingb Equilibrium Constants, K 

Adams et al. 

~~ 

base slope y intercept = log K resulting ~b range of K 

PY 1.27 i 0.10 0.51 i 0.05 K ,  = 3.2 M-’ 2.9-3.6 M-’  
N-MeIm 0.90 i 0.08 1.85 i 0.17 K ,  = I1 M-’ 48-104 M-’ 
Im 0.89 -f 0.24 1.90 ?: 0.65 K ,  = 79 M“ 18-178 M-’ 

2.4 i 1.6 5.2 ?: 3.0 p2 = 1.6 X l o5  M-’ 160-1.6 X 10’ M - 2  
a Errors assigned t o  the parameters for py and N-MeIm are the 95% confidence intervals calculated from a least-squares fit of the nine data 

points; both fits gave 99.9% confidence of linear correlation. For imidazole, there are four and three data points, respectively, for the two 
least-squares lines; errors in this case are standard deviations because of the limited number of data, and values for the k”s should only be con- 
sidered rough estimates. More accurate values for K ,  are 1.75 M-’ for py and 145 M-’  for N-MeIm: see text. 

Table XII. Equilibrium Constants for Addition of Amines to Fe(TPP)Cl and Fe(TPP)N, 

In CH2C1, 
Fe(TPP)N, PY K ,  = 1.75 M-’ Fe(TPP)Cl N-MeIm K ,  = 88 M-’ 

(3.2 M-’)‘“ p z  = 1.0 x 104 ~ - 2  

Fe(TPP)N , N-MeIm K ,  = 145 M-’ Fe(TPP)Cl Im pz = 4.8 x 105 M - ~  
(71 M - l ) a  

Fe(TPP)N , Im K ,  = 1 9  M-’  a 

Fe(TPP)Cl PY K ,  = -0.2 M-’ 

p 2  = 1.6 x 105 M - Z ~  

p 2  = -0.5 M-’ 

In CHC1, 
K ,  = 9 M“ Fe(TPP)Cl N-Melm 

Fe(TPP)Cl Im p 2  = 1.58 X lo6 M-, 
p 2  = 1.50 x 103 M-*  

a Values calculated in a method similar to that used for chloride derivatives; inaccurate K’s resulted for azide: see text. 

systematic errors caused by this were negligible. To overcome 
these systematic errors, we must calculate the equilibrium 
constants by a method that does not use the absorbance in 
excess base, A,. 

A method that fits this criterion is the Benesi-Hildebrand 
method.36 In using this method, we obtain a plot of [Bl0/(Ao 
- A )  that is a straight line with they  intercept equal to -l/Kl. 
The plots for pyridine and N-methylimidazole gave a 99.9% 
confidence of linear correlation. The following equilibrium 
constants and 95% confidence intervals were calculated: 
Kl(py) = 1.75 M-I (1.52-2.08 M-I), K,(N-MeIm) = 145 M-I 
(132-161 M-l). For imidazole, values of K1 and p2 could not 
be determined because of the two competing equililbria. 

Table XI1 lists the equilibrium constants calculated for 
Fe(TPP)N3 and those recorded elsewhere32 for Fe(TPP)Cl. 
From this table it can be seen that for Fe(TPP)N3 the reaction 
forming the mono(base) adduct, which is six-coordinate for 
the azide derivative, predominates, and for Fe(TPP)Cl the bis 
adduct is generally observed. This is attributed to the azide 
being a stronger base than the chloride. 

The Kl’s for Fe(TPP)N, decrease with decreasing basicity 
of the amines3’ The K2’s do not show this correlation for 
Fe(TPP)N3 or for Fe(TPP)Cl. In both cases K2 for imidazole 
is much larger than K2 for N-methylimidazole. This has been 
discussed by Walker et al.32 The driving force for the overall 
reaction is presumably the stabilization of the ion pair Fe- 
(TPP)B2’X-. With imidazole the displaced anion can have 
a strong electrostatic interaction with the N-H bond of one 
of the imidazole ligands. The interaction weakens the N-H 
bond and further stabilizes the complex through delocalization 
of the positive charge on the iron to the imidazole. Walker 
et al.32 have also suggested possible biological occurrence of 
this process of weakening the N-H bond of imidazole in 
hemoglobin and other hemoproteins. S ~ e i g a r t ~ ~  has recently 
observed, via spectroscopic measurement, a K, of 9.5 M-I for 
reaction 1 with N-propylimidazole and Fe(TPP)Cl. 

The low value of the equilibrium constant for the addition 
of pyridine to Fe(TPP)N3 confirms the apparent instability 
of the pyridine bond suggested by the early (and nonrepro- 
ducible) magnetic measurements. The molecular structure 
of Fe(TPP)N3py.’/2py, which reveals a relatively long Fe-N,, 
bond owing to steric interaction of the pyridine hydrogen atoms 
with the porphinato core, is also consistent with an unstable 
pyridine bond. This study demonstrates that, for appropriate 
choices of the axial anionic and nitrogenous ligands, isolable 

unsymmetrically substituted ferric porphyrins can be obtained. 
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Reaction of p-P4S312 with aniline results in formation of [(C6H5NH)P(S)NC6H5]2, I, in moderate yield. The structure 
of I has been established by spectral data and a single-crystal X-ray analysis as trans-2,4-dithio-2,4-dianilino-l,3-di- 
phenyl-1,3,2,4-diazadi hosphetidine. I forms monoclinic crystals in space group P2’/c with a = 15.287 (5) A, b = 8.639 
(2) A, c = 18.728 (5) /p ,p  = 108.97 (2)”, 2 = 4, dobd = 1.39 g cm-’, dald = 1.398 g cm-3 (20 OC, Mo Ka). The structure, 
solved by direct methods, refined to Rf = 0.062 and RwF = 0.064 for 2127 independent observed reflections. The unit cell 
of I contains molecules of two slightly different conformational types, A and B, of C, and approximate C ,, symmetries, 
respectively. The mean ring P-N, exocyclic P-N, and P=S distances are 1.688 (S), 1.670 (6), and 1.905 (4) a, respectively. 
The mean ring P-N-P, ring N-P-N, and exo-S-P-N angles are 101.2 (3), 108.5 (4), and 102.3 (3)O, respectively. Comparison 
of [ (C6H5NH)P(S)NC6H5]2 from (C6H5NH)$’S thermolysis with I from the @-P4S312-C6H5NH2 reaction indicates that 
the two are identical. There is no evidence for cis isomeric product in either reaction system. From the reaction of (Y-PqS312 
with C6H5NH2, traces of [(C6H5NH)P(S)NC6HS]2 of a possibly different structural form than I are obtained. 

Introduction 
The reactions of aniline with a- or p-P4S312 have been 

reported recently to yield compound(s) of formula [(C6H,- 
NH)P(S)NC6H5]2, in addition to a series of (pheny1imido)- 
and sulfidotetraphosphorus ring and cage compounds.2 The 
[(C6H5NH)P(S)NC6H5]2 is a major recoverable product of 
the P-P4S312-C6H5NHZ reaction; however, it is present only 
as a trace product in the a-P4S312-C6H5NH2 system. Al- 
though spectral data indicated tentatively that the products 
are 2,4-dithio- 1,3,2,4-diazadiphosphetidine(s) 

C6H5 
I 

C6H5NH \ p/N\,//S 

s@ \” \ N H C ~ H ~  
I 

in either or both of the cis and trans isomeric forms, structural 
characterization remained indefinite. 

Single-crystal X-ray studies of dithiodiazadiphosphetidines 
of type [RP(S)NR’], (R = C6H5, R’ = CH3, C2H5, C6H5)3d 
and correlation of their spectral data with cis and trans 
structural features have been r e p ~ r t e d . ~ , ~  Similar structural 
studies of the more interesting RNH-containing [(RNH)P- 
(S)NRI2 compounds have not appeared. Therefore, in order 
to establish unequivocally the structures of products from the 
P-P4S312-aniline reactions and to establish structural bases for 
spectral correlation and for further syntheses, we carried out 
a single-crystal study of [(C6H5NH)P(S)NC6H,]2 from the 
@-P4S312-c6H5NH2 reaction. In addition, a comparative study 
of this product with [(C6H5NH)P(S)NC6H5]2 from (C6H5- 

C6H5 
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NH)3PS thermolysis,8 which also has not been structurally 
characterized, has been effected. 
Experimental Section 

Apparatus and Materials. All inert-atmosphere manipulations were 
carried out in N2-flushed glovebags and standard Schlenk-type 
glas~ware.~ Infrared spectra (4000-400 cm-I) were obtained by using 
Perkin-Elmer 337G and Beckman Model IR- 12 spectrophotometers. 
High-resolution mass spectra were obtained by using an AEI MS-9 
spectrometer at The Pennsylvania State University. Proton nuclear 
magnetic resonance spectra were collected at 90.0 Hz by using a Varian 
EM 390 spectrometer and at 100.0 MHz by using a JEOL-PFT 100 
Fourier transform spectrometer. Both were equipped with standard 
variable-temperature probe accessories. Proton chemical shifts were 
measured relative to internal (CH3)4Si; chemical shifts downfield from 
the standard are given positive ( + 8 )  values. NMR spectra were 
obtained by using the JEOL-PFT 100 Fourier transform spectrometer 
equipped with standard 40.5-MHz probe accessories. 31P chemical 
shifts were measured relative to external 85% H3P04. Chemical shifts 
downfield from the standard are given negative ( -8)  values. Spectral 
simulation and the calculation of spectral parameters for second-order 
spectra were accomplished by using a Nicolet 1080 Series NMR 
spectrum calculation program, NMRCAL NIC-801S-7117D, Nicolet In- 
strument Corp., Madison, Wis. Single-crystal X-ray data were 
collected at ambient temperature by using a Syntex Pi automated 
diffractometer equipped with a graphite monochromator. 

(C6H5NH)3PS,8 a-P4S312,10 and p-P4s312”312 were prepared as 
reported earlier. Toluene was dried over LiAlH4, CS2 over P4010, 
and CHC13 over P4O10 before use. Ethanol (Mallinckrodt, absolute) 
was used as obtained. 

Reaction materials from the reactions below were characterized 
by comparison of their physical and/or spectral properties with those 
reported in the literature or with spectra of samples prepared in- 
dependently in our laboratories. Mass spectral data, in the sections 
below, refer to the major peak in the envelope in question. 
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