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the  monomeric [Ni(tsb)] molecules associate in solution, i t  
is reversible via intermonomer bonds, rather than via the two 
ends of tsb ligands acting as bidentates on two different metals. 

Although [Cu(cbpO)], with its weak Cu-0 ether linkage, 
can model the behavior of four-coordinated Cu" and Ni" 
complexes of type 3 ligands, it  is unlikely tha t  [Ni(cbpO)] 
would be equally appropriate. Comparison of complexes with 
ligand 1 indicates a generally much stronger M-X bonding 
in the  Ni" complexes than in their Cu" analogues. This 
difference in structural behavior between d8 and d9 (and the 
equally dramatic  difference between d7 and d9) is readily 
explained in terms of the crystal field stabilizing energies 
(CFSE)  of these electronic configurations in various ligand 
e n ~ i r o n m e n t s . ~ J '  

Magnetic Moments. The observed value of 1.80 pB for 
[Cu(cbpO)] is typical for Cu(I1) in an orbitally nondegenerate 

(36) Kirson, B.; Sechter, H. Bull. Soc. Chim. Fr. 1%5, 2743. 

ground state and corresponds to  an effective g value of 2.08. 
In [Co(cbpO)], the moment, 4.78 pB, indicates high-spin d7, 
which is the only result compatible with the  observed trigo- 
nal-bipyramidal structure. Five-coordinated low-spin d7 would 
gain considerable CFSE by a tetragonal distortion which 
elongates the M-X bond, as would d9. This strong stabilization 
does not apply for high-spin d7, and electrostatic repulsion is 
important in forcing the observed trigonal-bipyramidal envi- 
ronment of [Co(cbpO)]. 
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Spin state dependent crystal structure determinations of three six-coordinate 3dS complexes of the [ Fe'11(X-Salmeen)2]PF6 
series of spin-equilibrium compounds (X = 5-OCH3, 3-OCH3, and 5-NO2) are reported. At room temperature, the 5-OCH3 
derivative is a S = 5 /2  high-spin species (pd9'  = 5.75 pB), whereas the 5-NO2 (pcf fB5 = 2.58 pB) and 3-OCH3 (peffZ9* = 
3.20 pB) derivatives are at or near the S = low-spin extreme. The structural determinations reveal that the three 
[Fem(X-Salmeen)$ cations possess the same general structure with an N40z donor atom set from two tridentate X-Salmeen 
ligands forming a distorted octahedron about the metal ion. In each case the terminal oxygen atoms occupy cis positions 
and the remaining four nitrogen atoms (two cis amines and two trans imines) complete the coo'rdination sphere. The fine 
structural details for the three compounds reveal signifcant differences in the metal atom environments which can be largely 
attributed to the differing S = 5 / 2  and S = spin states. For the S = 5 / 2  complex, the average Fe-ligand bond length 
(&") is longer by about 0.12 A relative to the two S = cases, but the difference is not uniform: the Fe-N bonds vary 
far more [b(amino) = 0.16 A; 6(imino) = 0.16 A] than the Fe-0 bonds (6 = 0.02 A). The spin state dependent structural 
changes observed for the [Fe111(X-Salmeen)2]+ spin-equilibrium cations are compared to results previously reported for 
the electronically and structurally related hexadentate cations [ Fe111(Sal)2trien]+ and [ Fe"'(A~ac)~trien]+, for which 6," 
is also 0.12-0.13 A. In addition, variable-spin structural information now available for a variety of other 3ds (and 3d6) 
spin-equilibrium compounds is also discussed in the context of the present results for the [Fe11'(XSalmeen)2]+ series of 
complexes. Crystal data for [Fe"'(5-OCH3Salmeen)2]PF6: FePF604N4C2zH30, space group Pbco, Z = 8, u = 10.263 (3) 
A, b = 19.696 (6) A, c = 26.768 (6) A, V = 5411 A', R = 5.1% for 2712 reflections. Crystal data for [Fe"'(3- 
OCH3Salmeen)2]PF6: FePF604N4C22H30, space group P2,/c, Z = 4, u = 11.627 (2) A, b = 10.412 ( 5 )  A, c = 21.632 
(9) A, = 92.62 (2)O, V = 2616 A3, R = 6.3% for 2341 reflections. Crystal data for [Fe11'(5-N02Salmeen)2]PF6: 

= 4.7% for 1648 reflections. 
FePF606N6C2,&, space group Pbcn, Z = 4, 0 = 12.609 (7) A, b = 12.927 (4) A, C = 16.122 (2) A, v =  2628 A3, R 
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compounds were crystallized by slow evaporation of a solution of the 
compound in a 1 : 1 CHzCIz-heptane mixture. 

crystd Data for Fd"(>m&heen)JPF6: FePF 04N,c2Hm 
mol wt 615, space grou P2,/c, Z = 4, u = 11.627 (2) 84 b = 10.412 
(5) A, c = 21.632 (9) 1, @ = 92.62 (2)O, V =  2616 A', pabd = 1.56 
g an-', p w  = 1.56 g cm-', ~ ( M o  Ka) = 7.4 an-'; crystal dimensions 
(distances in mm of faces from centroid) (100) 0.08, (TOO) 0.08, (010) 
0.425, (010) 0.425, (001) 0.095, (001) 0.095; maximum and minimum 
transmission coefficients 0.96, 0.93. 

crystal Data for [Fd"(~NO#dmeen)$F6: FePF 06N6Cfi2, 
mol wt 645, space grou Pbcn, Z = 4, u = 12.609 (7) 1, b = 12.927 
(4) A, c = 16.122 (2) K, V =  2628 A', paled = 1.63 g cm-', pobd = 
1.61 g cm-', p(Mo Ka) = 7.5 cm-I; crystal dimensions (mm from 
centroid) (111) 0.31, ( i f i )  0.31, ( i l l )  0.28, ( i i i )  0.28, ( l i l )  0.325, 
(TIT) 0.325, (Til)  0.31, (001) 0.185, (OR) 0.15, maximum and 
minimum transmission coefficients 0.73, 0.50. 

Crystal Data for F e m ( 5 - O C H ~ ) @ F 6 :  FePF 04N4C2HYh 
mol wt 615, space group Pbcu, Z = 8, u = 10.263 (3) A, b = 19.696 
(6) A, c = 26.768 (6) A, V = 5411 A3, pd = 1.511 g ~ m - ~ ,  pobd 
= 1.52 g ~ m - ~ ,  p(Mo Ka) = 7.2 cm-I; crystal dimensions (mm from 
centroid), (100) 0.425, (TOO) 0.425, (010) 0.08, (OiO) 0.08, (001) 
0.23, (001) 0.23; maximum and minimum transmission coefficients 
0.92, 0.88. 

For each crystal, the Enraf-Nonius program SEARCH was used to 
obtain 25 accurately centered reflections which were then used in the 
program INDEX to obtain approximate cell dimensions and an ori- 
entation matrix for data collection. Refined cell dimensions and their 
estimated standard deviations were obtained from least-squares re- 
finement of 28 accurately centered reflections. The mosaicity of each 
crystal was estimated by the w-scan technique and judged to be 
satisfactory. 

Collection and Reductioa of Data. Diffraction data were collected 
a t  292 K on an Enraf-Nonius four-circle CAD-4 diffractometer 
controlled by a PDP8/M computer, using Mo Ka radiation from a 
highly oriented graphite crystal monochromator. The 8-20 scan 
technique was used to record the intensities for all nonequivalent 
reflections for which 1' < 29 < 46' for [Fe=(3-OCH3Salmecn)z]PFQ 
1' < 28 < 46' for [Fe111(5-N02Salmeen)z)PF6, and 1' < 28 < 48' 
for [Fem(5-OCHySalmeen)JPF6. Scan widths (SW) were calculated 
from the formula SW = A + B tan 0, where A is estimated from the 
mosaicity of the crystal and B allows for the increase in width of peak 
due to Kal-Ka2 splitting. The values of A and B were 0.60 and 0.35', 
0.60 and 0.35', and 0.60 and 0.30' for the three complexes, re- 
spectively. The calculated scan angle is extended at each side by 25% 
for background determination (BGl and BG2). The net count is then 
calculated as NC = TOT - 2(BG1 + BG2), where TOT is the 
integrated peak intensity. Reflection data were considered insignificant 
if intensities registered less than 10 counts above background on a 
rapid prescan, such reflections being rejected automatically by the 
computer. 

The intensities of four standard reflections, monitored for each 
crystal at 100 reflection intervals, showed no greater fluctuations during 
the data collection than those expected from Poisson statistics. The 
raw intensity data were corrected for Lorentz-polarization effects 
(including the polarization effect of the crystal monochromator) and 
then for absorption. After the intensities of equivalent reflections were 
averaged, the data were reduced to 3260 independent intensities for 
[Fell'( 3-OCH3Salmeen)z]PF6, 1900 for [ Fe1''(N0zSalmeen)z]PF6, 
and 4042 for [Fem(5-OCH3Salmeen)z]PF6, of which 2341,1648, and 
2712 for the three compounds, respectively, had F: > 3u(F;), where 
u(F2)  was estimated from counting  statistic^.^' These data were 
used in the final refinement of the structural parameters. 

Determination and Refmemeat of the Structures. Full-matrix 
least-squares refinement was based on F, and the function minimized 
was xw(lFal - lFc1)2. The weights w were taken as [~F,/U(F;)]~, 
where lFal and IF,I are the observed and calculated structure factor 
amplitudes. The atomic scattering factors for nonhydrogen atoms 
were taken from Cromer and Waber2* and those for hydrogen from 
Stewart et aLZ9 The effects of anomalous dispersion for all nonhy- 

a b e 

Figure 1. General structures for the variable-spin (a) [Fe"'(X-Sal- 
meen)z]+, (b) [Fe**'(Sal)ztrien]+, and (c) [Feln(AcacX)ztnen]+ (with 
R = Me) cations. 

solvent m o l e ~ u l e s ? 9 ~ J ~ ~ ~  and even geometrical isomerismlo can 
also be influential in determining the final distribution of the 
spin isomers. Since the magnitude and pattern of metal-ligand 
bond distance changes accompanying spin conversion are of 
fundamental interest in structural transition-metal chemistry,23 
metall~photochemistry,~~ and metalloprotein  hemi is try)^ there 
is a decided need for a continuing documentation of the mo- 
lecular structural changes which accompany the phenomenon. 
This paper reports the correlation between molecular structure 
and spin state for three members of the [Fe1t'(X-Salmeen)2]+ 
family of (5' = 5 / 2 )  P ( S  = 1/2) spin-equilibrium complexes 
which were reported earlier.% Generalized structures for these 
pseudooctahedral, bis tridentate [Fett1(X-Salmeen)2] + cations 
with X = 3-OCH3, 5-OCH3, and 5-NO2 are shown in Figure 
la. Salmeen is the Schiff base condensate of salicylaldehyde 
and N-methylethylenediamine. At room temperature, the 
5-OCH3 derivative, as the PF6- salt, is a high-spin S = 5 / 2  
species (pev29' = 5.75 pB), whereas the 3-OCH3 and 5-NO2 
derivatives are both more nearly S = l/z low-spin compounds 
(peft98 = 3.20 pB and 

While a structural/spin state correlation for the present 
[ Fet11(X-Salmeen)2]+ complexes is probably best considered 
in light of parallel information available for the structurally 
related [Fe11'(Sal)2trien]+ and [Fe"'(A~acX)~trien]+ com- 
pounds of Figure l b  and lc,9*20921 a growing body of similar 
information is also now available for several other pseudooc- 
tahedral ir0n(III)~9~*~ and i r ~ n ( I I ) f ~ ~ ~ ~ * ~ ~  systems undergoing 
spin equilibria. As in the present study, most of this spin state 
dependent structural information has been generated by X-ray 
crystallographic studies at room temperature, with the notable 
exceptions being for the [Fet1(2,2-bpy),(NCS)2]2+, [Felt'- 
(dtc),], and [FeII(2-pi~),]~+ complexes where variable-tem- 
perature crystallography has been used to special advan- 
tage.f3J0 In the most complete of these variable-temperature 
studies, Katz and Strouselo were able to resolve the structures 
of the two different spin isomers in the same crystal lattice 
containing the [Fe"(2-pic),I2+ cation. 
Experimental Section 

Syntheses. Syntheses of the compounds were performed as pre- 
viously described.z6 Suitable crystals of the X = 5-OCH3 derivative 
were obtained from a saturated methanol solution into which heptane 
was slowly allowed to diffuse over several days. The remaining two 
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(19) Harris, C. M.; Lockyer, T. N.; Martin, R. L.; Patil, H. R. H.; Sinn, E.; 
Stewart, J. M .  Ausr. J .  Chem. 1969, 22, 2105. 
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(24) See for example: Adamson, A. W. Adv. Chem. Ser. 1976, No. 150, 

= 2.58 pg, respectively).26 

12R-148. - - - - . - . 
(25) See for example: Dose, E. V.; Tweedle, M. F.; Wilson, L. J.; Sutin, N. 

J.  Am. Chem. SOC. 1977, 99, 3886. 
(26) Petty, R. H.; Dose, E. V.; Tweedle, M. F.; Wilson, L. J .  Inorg. Chem. 

1978, 17, 1064. 

~~~~~ ~ ~~~ ~ 

(27) Corfield, P. W. R.; Dcedens, R. J.; Ibers, J. A. Inorg. Chem. 1967, 6, 
197. 

(28) Cromer, D. T.; Waber, J. T. "International Tables for X-ray 
Crystallography"; Kynoch Press: Birmingham, England, 1974; Vol. IV. 

(29) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J .  Chem. Phys. 1965, 
42, 3175. 



Variable-Spin Metal Complexes 

a 

b 

Inorganic Chemistry, Vol. 20, No. 4, 1981 1215 

Figure 2. (a) Stereopair view of the [ Fe111(3-OCH3Salmeen)2]+ cation in [ Fe11'(3-OCH3Salmeen)2]PF6. (b) Stereopair view of the molecular 
packing for the [Fe111(3-OCH3Salmeen)2]PF6 salt. 

drogen atoms were included in F, with use of the values of Cromer 
and Ibers30 for Af' and Af". Agreement factors are defined as R 

In each case the positions of the iron and some of the ligand atoms 
were determined from three-dimensional Patterson functions calculated 
from all intensity data. The intensity data were phased sufficiently 
well by these positional coordinates to permit location of the remaining 
nonhydrogen atoms from Fourier syntheses. In the case of [Fe"'- 
(5-N02Salmeen)2]PF6, the space group, the unit cell size, and the 
Patterson map suggested that both the iron and phosphorus atoms 
should lie on a twofold symmetry axis. Solution of the structure 
confirmed this hypothesis. In the case of [FeIII(3-OCH,Salmeen),]PF6 

= E1lFol - l ~ c l l / ~ l ~ o l  and R, = (E.w(lFol - lFc1 )2 /~wl~012) ' / 2 .  

(30) Cromer, D. T.; Ibers, J .  A. Reference 28. 

the PF6 group was found to be positionally disordered, by an ap- 
proximate 45O rotation about one F-P-F axis (F(1')-P-F(2)) of the 
octahedral anion. Thus, atoms, P, F(l), and F(2) were refined with 
occupancy factors of 1.0, while values of 0.60 were used for F(3)-F(6) 
and 0.40 for F(3')-F(6'). 

Anisotropic temperature factors were introduced for all nonhydrogen 
atoms. Further Fourier difference functions permitted location of 
nonmethyl hydrogen atoms, which were included in the refinement 
for three cycles of least squares and then held fixed; in the case of 
[Fe11'(5-OCHgSalmeen)2]PF6 the methyl hydrogen atoms were also 
located from Fourier maps. The models converged with R = 6.3% 
and R, = 7.9% for [Fe111(3-OCH3Salmeen)2]PF6, R = 4.7% and R, 
= 6.5% for [Fen'(N02Salmeen)2]PF6, and R = 5.1% and R, = 6.9% 
for [Fe"'(5-OCH3Salmeen),]PFs. A structure factor calculation with 
all observed and unobserved reflections included (no refinement) gave 
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Figure 3. (a) Stereopair view of the [Fe111(S-N02Salmeen)z]+ cation 
packing for the [Fe111(5-N0zSalmeen)2]PF6 salt. 

R = 8.1, 5.4, and 5.8% for the three complexes respectively; on this 
basis it was decided that careful measurement of reflections rejected 
automatically during data collection would not significantly improve 
the results. A final Fourier difference function was featureless. Tables 
of the observed and calculated structure factors are available," together 
with the hydrogen atomic parameters and the distances and angles 
within the PF6- anions.3' The principal programs used are as previously 
described.3z 

Results and Discussion 
Final positional and thermal parameters for [Fe111(3- 

OCH3Salmeen)2]PF6, [Fe111(N02Salmeen)2]PF6, and [Fell1- 
(5-OCH3Salmeen)2]PF6 are given in Table 1. Tables I1 and 
I11 contain the bond lengths and angles. The digits in par- 
entheses in the tables are the estimated standard deviations 
in the least significant figures quoted and were derived from 
the inverse matrix in the course of least-squares refinement 
calculations. Figures 2-4 show stereoviews of the cations and 
the packing diagrams of the three complexes [Fe"'(3- 

(31) Supplementary material. 
(32) Freyberg, D. P.; Mockler, G. M.; Sinn, E. J .  Chem. Soc., Dalron Trans. 

1916, 447. 
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Y 

[Fe11'(5-N02Salmeen)z]PFs. (b) Stereopair view of the molecular 

OCH3Salmeen)2]PF6, [Fe111(5-N02Salmeen)2] PF6, and 
[Fe11'(5-OCH3Salmeen)2]PF6, respectively. 
[Fe111(3-OCH3Salmeen)21PFs. The crystal structure of this 

complex consists of well-defined [Fe1*1(3-OCH3Salmeen)2]+ 
ions (Figure 2a) and disordered PF6- ions. The complex 
cations are separated from one another by the PF6- anions 
(Table 11, Figure 2b), the closest interionic approaches being 
2.94 A [F(4')-N(2A)] and 3.069 A [F(6)-C(8B)]. The 
disorder in the PF6- ions is essentially axial, consisting of two 
positions separated by a rotation of 45' about the F(l)-P-F(2) 
axis. The disorder is not entirely accounted for by these 
positions, but the remaining positions contribute significantly 
less electron density than the hydrogen atoms in the molecules. 
Since the complex cation is well-defined and the PFC ion was 
not of primary interest, this disorder problem was not pursued 
further. The metal environment in the complex cation is 
approximately octahedral, with the oxygen atoms of the two 
different ligands being cis to each other and the imino nitrogens 
of the two ligands being trans. The deviation from octahedral 
symmetry of the FeN402 unit is indicated by the bond lengths, 
angles, and interplanar angles. The angles O(lA)-FeN(ZA), 
O( 1B)-Fe-N(2B), and N(  1A)-Fe-N( 1B) all deviate some- 
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Figure 4. (a) Stereopair view of the [Fe"1(S-OCH3Salmeen)2]+ cation in [ Fe"'( 5-OCH$3alrnee11)~]PF~. Atom labels are analogous to those 
of Figures 2a and 3a. (b) Stereopair view of the molecular packing for the [Fe111(S-OCH3Salmeen)2]PF6 salt. 

what from the ideal octahedral 180' (175.0, 175.2, and 178.9', [ F e n 1 ( 5 - N O m ) $ ' F 6  ( S =  1 / 2 ) .  The crystal structure 
respectively). In this regard the complex closely resembles of this low-spin complex consists of well-defined [Fe111(5- 
(and is very slightly less distorted than) the S = ' /z low-spin N02Salmeen)2]+ ions (Figure 3a) and disordered PF6- ions, 
hexadentate [Felll(Sal)ztrien]+ cation (Figure lb)9*20 and is though, unlike the case of [Fe111(3-OCH3Salmeen)2]PFs, the 
markedly less distorted than the high-s in hexadentate com- PF6- disorder is not by rotation about an F-P-F axis. The 

Figure lc?-zl The metal-ligand bond lengths are uneven: the PF6- anions (Table 11, Figure 3b), the closest interionic sep- 
two Fe-0 bonds are by far the shortest (1.878 A average), aration being 3.036 A [F(Y)-C(8)] and 3.042 A [F(l)-N(2)1. 
and the bonds to the amino nitrogen atoms are longer (2.060 In the 3-OCH3 and 5-OCH3 complexes (see below), the two 
A) than those to the imino nitrogens (1.934 A). In terms of ligands in the cation are related to one another by a pseu- 
these bond lengths, the cation is similar to (and very slightly dotwofold axis, but in [Fer11(5-N02Salmeen)z]+ a precise 
more distorted than) the cations in the low-spin hexadentate twofold axis relates the ligands. The ligand environment in 
complexes but much closer to octahedral geometry than those the complex cation is approximately octahedral, with the ox- 
of the high-spin hexadentates. The 12 angles subtended at ygen atoms of the two different ligands being cis to each other 
the metal atom by adjacent donor atoms range from 83.3 to and the imino nitrogens trans. Again the angles O(1)-Fe- 
96.2', compared to the 90' required for a perfect octahedron. N(2), N(1)-FeN(l'), and O(l')-FeN(2) deviate somewhat 

plexes [ Felll(Acac)ztrien]+ and [ Fe" P (A~acCl)~trien]+ of complex cations are separated from one another by disordered 
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Table I. Positional and Thermal Parameters and Their Estimated S t a n b d  DeviationsO 

atom Z u, 1 ua a u3 3 u, 1 u1 3 u23 
X Y 

0.20297 (8) 
0.7012 (2) 
0.7062 (6) 
0.6929 (7) 
0.6909 (11) 
0.8319 (8) 
0.7166 (14) 
0.5728 (8) 
0.5975 (14) 
0.8061 (16) 
0.6128 (22) 
0.7744 (16) 
0.2846 (4) 
0.4149 (5) 
0.0606 (4) 

0.1591 (5) 
0.1215 ( 5 )  
0.2489 (5) 
0.3573 ( 5 )  
0.2430 (6) 
0.2931 (6) 
0.3643 (6) 
0.3776 (7) 
0.3270 (7) 
0.2612 (7) 
0.1763 (6) 
0.0970 (7) 
0.0361 (7) 
0.0635 (8) 
0.4954 (9) 
0.0949 (6) 
0.0315 (6) 

-0.1384 (4) 

-0.0790 (7) 
-0.1157 (7) 
-0.0520 (8) 

0.0501 (8) 
0.2012 (7) 
0.3566 (7) 
0.4291 (7) 
0.4204 (7) 

-0.2517 (7) 

0.0000 (0) 
0.5000 (0) 
0.4504 (4) 
0.4519 (3) 
0.4013 (4) 
0.4318 (8) 
0.4188 (9) 
0.4118 (13) 
0.0463 (2) 

-0.1567 (3) 
-0.2898 (2) 
-0.1423 (2) 
-0.0604 (2) 
-0.1968 (2) 
-0.1265 (2) 
-0.0146 (2) 

-0.0257 (3) 
-0.1349 (3) 
-0.1831 (2) 
-0.1830 (2) 
-0.2065 (3) 
-0.1777 (3) 
-0.0255 (3) 

0.0323 (3) 

0.08933 (7) 
0.2219 (2) 
0.2222 (4) 
0.2591 (4) 
0.1875 (6) 

(a) [ Fe(3-OCH3Salmeen),]PF, 
0.1613 (1) -0.09307 (5) 0.0264 (5) 0.0272 (6) 0.0241 (5) 
0.2969 (3) 0.7521 (1) 0.050 (1) 0.070 (2) 0.045 (1) 
0.3001 (8) 0.6785 (3) 0.122 (5) 0.162 (7) 0.052 (3) 
0.2962 (8) 0.8234 (3) 0.163 (6) 0.137 (6) 0.044 (3) 
0.4516 (10) 0.7503 (4) 0.202 (11) 0.062 (6) 0.089 (6) 
0.3139 (14) 0.7509 (7) 0.052 (6) 0.201 (13) 0.223 (13) 
0.1531 (10) 0.7490 (5) 0.295 (16) 0.058 (7) 0.102 (8) 
0.2909 (15) 0.7488 (5) 0.047 (5) 0.270 (15) 0.097 (7) 
0.1866 (19) 0.7418 (7) 0.091 (10) 0.151 (15) 0.044 (8) 
0.3843 (18) 0.7610 (8) 0.170 (12) 0.145 (12) 0.065 (10) 
0.1014 (21) 0.2410 (13) 0.175 (19) 0.097 (14) 0.191 (22) 
0.3271 (19) 0.2632 (9) 0.084 (11) 0.087 (13) 0.111 (14) 

0.3765 (5) 0.0494 (2) 0.056 (3) 0.038 (3) 0.048 (3) 
0.2386 (5) -0.0259 (2) 0.043 (3) 0.030 (3) 0.027 (3) 

0.2351 (5) -0.0760 (2) 0.033 (3) 0.018 (3) 0.040 (3) 
0.3033 (5) -0.0344 (3) 0.042 (3) 0.033 (3) 0.063 (3) 
0.0143 (6) -0.0449 (3) 0.029 (3) 0.020 (3) 0.036 (3) 
0.0624 (6) -0.1645 (3) 0.040 (3) 0.041 (4) 0.027 (3) 
0.3064 (6) -0.1421 (3) 0.042 (3) 0.027 (4) 0.029 (3) 
0.0848 (6) -0.1194 (3) 0.025 (3) 0.039 (4) 0.036 (3) 
0.0829 (7) 0.0536 (3) 0.032 (4) 0.031 (4) 0.027 (4) 
0.1981 (7) 0.0318 (3) 0.031 (4) 0.030 (4) 0.026 (4) 
0.2717 (8) 0.0738 (4) 0.038 (4) 0.032 (5) 0.041 (4) 
0.2353 (9) 0.1357 (4) 0.050 (5) 0.050 (6) 0.037 (4) 
0.1208 (9) 0.1554 (3) 0.055 (5) 0.062 (6) 0.025 (4) 
0.0474 (8) 0.1165 (3) 0.038 (4) 0.050 (5) 0.030 (4) 

-0.0007 (7) 0.0148 (3) 0.036 (4) 0.025 (4) 0.036 (4) 
-0.0857 (8) -0.0808 (4) 0.047 (5) 0.031 (5) 0.045 (5) 
-0.0192 (9) -0.1353 (4) 0.038 (4) 0.051 (6) 0.050 (5) 

0.1420 (10) -0.2145 (4) 0.066 (5) 0.076 (7) 0.045 (5) 

0.4492 (8) -0.1169 (3) 0.039 (4) 0.031 (5) 0.035 (4) 
0.3572 (7) -0.0852 (3) 0.039 (4) 0.028 (4) 0.029 (4) 
0.3979 (8) -0.0627 (3) 0.048 (5) 0.033 (5) 0.032 (4) 
0.5218 (8) -0.0711 (4) 0.046 (5) 0.031 (5) 0.065 (6) 
0.6095 (8) -0.1016 (5) 0.065 (6) 0.023 (5) 0.082 (6) 
0.5756 (8) -0.1246 (4) 0.060 (5) 0.033 (5) 0.060 (5) 
0.4168 (8) -0.1447 (3) 0.054 (5) 0.034 (5) 0.028 (4) 
0.2846 (9) -0.1749 (4) 0.043 (4) 0.057 (6) 0.041 (4) 

-0.0008 (9) -0.0722 (4) 0.040 (4) 0.052 (6) 0.056 (5) 
0.3353 (10) -0.0156 (5) 0.042 (5) 0.065 (7) 0.093 (7) 

0.4509 (10) 0.0883 (5) 0.077 (6) 0.064 (7) 0.072 (6) 

0.1970 (9) 0.1347 (4) 0.036 (4) 0.060 (6) 0.052 (5) 

(b) [ Fe(NO,Saheen), ]PF, 
0.01283 (5) 0.2500 (0) 0.0332 (3) 0.0491 (4) 0.0354 (3) 
0.1121 (1) 0.2500 (0) 0.0543 (9) 0.0560 (9) 0.149 (2) 
0.1941 (3) 0.3094 (3) 0.216 (4) 0.105 (3) 0.220 (4) 
0.0357 (3) 0.3143 (3) 0.098 (2) 0.109 (2) 0.185 (4) 
0.1278 (6) 0.1979 (5) 0.101 (3) 0.298 (7) 0.263 (6) 
0.2049 (6) 0.2801 (6) 0.104 (7) 0.050 (4) 0.117 (7) 
0.0330 (10) 0.2640 (13) 0.077 (6) 0.104 (7) 0.483 (22) 
0.0643 (15) 0.1976 (9) 0.236 (14) 0.243 (14) 0.090 (8) 
0.1150 (2) 0.1748 (1) 0.034 (1) 0.061 (1) 0.052 (1) 
0.4889 (2) -0.0090 (2) 0.078 (2) 0.073 (2) 0.118 (3) 
0.3875 (3) -0.0060 (2) 0.059 (2) 0.114 (2) 0.147 (3) 

-0.0978 (2) 0.3276 (2) 0.045 (1) 0.059 (2) 0.037 (1) 
0.0100 (2) 0.2035 (2) 0.038 (1) 0.049 (1) 0.043 (1) 

0.4060 (3) 0.0082 (2) 0.052 (2) 0.075 (2) 0.066 (2) 
0.1683 (2) 0.1263 (2) 0.040 (2) 0.052 (2) 0.038 (2) 
0.1814 (2) 0.1372 (2) 0.041 (2) 0.050 (2) 0.044 (2) 
0.2697 (3) 0.1019 (2) 0.043 (2) 0.062 (2) 0.069 (2) 
0.3427 (3) 0.0612 (2) 0.057 (2) 0.055 (2) 0.064 (2) 
0.3281 (3) 0.0508 (2) 0.047 (2) 0.055 (2) 0.046 (2) 
0.2421 (3) 0.0816 (2) 0.036 (2) 0.062 (2) 0.045 (2) 
0.0798 (3) 0.1576 (2) 0.034 (1) 0.059 (2) 0.041 (2) 

-0.0784 (3) 0.2321 (2) 0.040 (2) 0.057 (2) 0.068 (2) 
-0.0937 (3) 0.3218 (2) 0.047 (2) 0.067 (2) 0.060 (2) 
-0.0925 (3) 0.4166 (2) 0.077 (2) 0.098 (3) 0.036 (2) 

(c) [Fe(5-OCH3Saheen), IPF, 
0.11042 (4) 0.15319 (3) 0.0309 (4) 0.0411 (4) 0.0350 (4) 
0.11693 (9) 0.49092 (6) 0.048 (1) 0.068 (1) 0.0468 (9) 
0.1068 (2) 0.4312 (1) 0.086 (3) 0.116 (3) 0.047 (2) 
0.1936 (2) 0.4831 (2) 0.103 (3) 0.068 (2) 0.092 (3) 
0.0404 (2) 0.4978 (2) 0.205 (5) 0.072 (3) 0.083 (3) 

0.0006 (5) 
-0.001 (1) 
-0.014 (5) 
-0.029 (5) 

0.011 (7) 
0.038 (7) 

-0.041 (9) 
-0.044 (7) 
-0.077 (10) 
-0.143 (8) 
-0.072 (13) 
-0.031 (10) 
-0.010 (3) 
-0.018 (3) 

0.004 (2) 
0.008 (3) 
0.001 (3) 

-0.001 (3) 
-0.003 (3) 

0.002 (3) 
0.008 (4) 
0.003 (4) 
0.006 (4) 

-0.002 (5) 
0.005 (5) 
0.005 (4) 
0.001 (4) 

-0.008 (4) 
-0.011 (4) 

0.012 (6) 
-0.031 (5) 
-0.003 (4) 

0.003 (4) 
0.009 (4) 
0.010 (4) 
0.011 (5) 

-0.016 (4) 
-0.012 (4) 

0.002 (5) 
0.003 (4) 
0.025 (4) 
0.015 (5) 

0.0000 (0) 
0.0000 (0) 

0.070 (3)  
0.035 (4) 

-0.048 (6) 
-0.119 (11) 

0.000 (1) 
0.001 (1) 
0.006 (2) 

-0.004 (1) 
-0.003 (1) 

0.008 (2) 
0.002 (1) 
0.001 (1) 

-0.005 (2) 
-0.007 (2) 

0.011 (2) 
0.003 (2) 
0.000 (2) 

-0.011 (2) 
-0.009 (2) 
-0.016 (2) 

-0.028 (3) 
-0.005 (2) 

-0.0003 (4) 
-0.0060 (9) 
-0.011 (3) 
-0.009 (3) 
-0.042 (3) 

0.0007 (4) 0.0007 (5) 
0.009 (1) 0.021 (1) 
0.033 (3) 0.024 (4) 
0.001 (4) 0.008 (4) 
0.054 (6) 0.008 (6) 

-0.004 (7) 0.064 (11) 
0.043 (9) -0.005 (6) 

-0.013 (8) 0.021 (10) 
-0.025 (9) 0.056 (9) 

0.004 (17) -0.070 (15) 
-0.018 (11) -0.046 (11) 
-0.002 (2) -0.002 (2) 
-0.011 (3) 0.001 (3) 

0.006 (2) 0.002 (2) 
0.015 (3) 0.008 (3) 

0.010 (5) 0.022 (9) 

0.006 (3) -0.004 (3) 
-0.005 (3) -0.002 (3) 

0.001 (3) 0.003 (3) 
0.006 (3) -0.002 (3) 
0.004 (3) 0.001 (4) 

-0.002 (3) 0.002 (4) 
-0.003 (4) -0.002 (4) 
-0.004 (4) -0.008 (4) 

0.001 (4) 0.003 (4) 
0.007 (3) 0.011 (4) 
0.011 (3) 0.004 (4) 
0.005 (4) -0.008 (4) 

-0.005 (4) -0.015 (5) 
-0.030 (4) -0.001 (5) 
-0.031 (5) -0.006 (6) 
-0.003 (4) 0.003 (4) 
-0.005 (3) -0.002 (4) 
-0.002 (4) 0.001 (4) 

0.003 (4) -0.001 (5) 
-0.009 (5) -0.003 (5) 
-0.002 (5) 0.004 (5) 
-0.003 (4) 0.007 (4) 

0.017 (4) 0.010 (5) 
0.009 (4) 0.019 (5) 

-0.001 (4) 0.006 (5) 
0.027 (5) 0.009 (6) 

0.0010 (2) 0.0000 (0) 
0.0174 (9) 0.0000 (0) 
0.137 (3) -0.041 (3) 
0.002 (3) 0.065 (3) 

-0.063 (4) -0.003 (6) 
0.024 (6) 0.033 (5) 
0.116 (9) -0.130 (9) 

-0.021 (11) -0.009 (10) 
0.002 (1) 0.011 (1) 

-0.008 (2) 0.039 (1) 
-0.015 (2) 0.061 (2) 

0.003 (1) -0.003 (1) 
0.005 (1) 0.001 (1) 
0.003 (1) 0.013 (2) 
0.003 (1) -0.003 (1) 
0.004 (1) -0.002 (1) 

-0.002 (2) 0.010 (2) 
-0.001 (2) 0.012 (2) 

0.002 (2) 0.006 (2) 
0.001 (1) -0.004 (2) 

-0.001 (1) -0.005 (2) 
-0.004 (2) 0.003 (2) 

-0.006 (2) 0.011 (2) 
0.012 (2) 0.006 (2) 

0.0037 (4) -0.0025 (4) 
0.0058 (8) -0.0088 (9) 

-0.000 (2) -0.012 (2) 
0.009 (3) 0.001 (2) 
0.031 (3) -0.010 (2) 

F(4) 0.3740 (4) 0.0986 (3) 0.4903 (2) 0.057 (2) 0.154 (4) 0.082 (3) 0.033 (3) 0.008 (2) 0.011 (3) 
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0.0734 (4) 
0.2258 (4) 
0.1571 (3) 
0.0691 (4) 
0.1976 (4) 
0.6326 (4) 

-0.0602 (4) 
-0.0384 (4) 

-0.0073 (4) 
0.2217 (4) 

0.0276 (5) 
0.1288 (5) 
0.2013 (5) 
0.1787 (5) 
0.0790 ( 5 )  
0.0063 (5) 

-0.0629 (5) 
-0.1671 (6) 
-0.1094 (6) 

-0.0202 (8) 
0.0261 (7) 

0.3691 (5) 
0.3019 (5) 
0.3480 (6) 
0.4595 (6) 
0.5253 (6) 
0.4823 ( 5 )  
0.3255 (5) 
0.1884 (6) 
0.0966 (6) 

0.6805 (6) 
-0.0939 (7) 

0.1366 (3) 
0.1265 (2) 
0.1869 (2) 
0.3051 (2) 
0.0416 (2) 

0.1071 (2) 
0.0294 (2) 
0.1137 (2) 
0.1806 (2) 
0.1901 (3) 
0.2144 (3) 
0.2697 (3) 
0.2988 (3) 
0.2732 (3) 
0.2201 (3) 
0.1384 (3) 
0.0592 (3) 
0.0013 (3) 

0.2786 (4) 
0.0262 (3) 
0.0089 (3) 

-0.1029 (2) 

-0.0229 (3) 

-0.0470 (3) 
-0.0819 (3) 
-0.0638 (3) 
-0.0105 (3) 

0.0784 (3) 
0.1610 (3) 
0.2149 (3) 
0.2300 (4) 

-0.0996 (3) 

atom X Y Z u, I u22 u33 u12 u, 3 '2 3 

0.4900 (2) 0.044 (2) 0.191 (5) 0.092 (3) 0.003 (3) 0.005 (2) -0.010 (3) 
0.5493 (1) 0.086 (3) 0.109 (3) 0.046 (2) -0.011 (3) 0.007 (2) -0.013 (2) 
0.1888 i i j  
0.3727 (2) 
0.1820 (1) 
0.1251 (2) 
0.2062 (2) 
0.1223 (2) 
0.0930 (2) 
0.1014 (2) 
0.2640 (2) 
0.2330 (2) 
0.2500 (2) 
0.2958 (2) 
0.3272 (2) 
0.3111 (2) 
0.2479 (2) 
0.1944 (2) 
0.1660 (2) 
0.0922 (3) 
0.4070 (3) 
0.1225 (2) 
0.1664 (2) 
0.1945 (2) 
0.1797 (2)  
0.1362 (2) 
0.1082 (2) 
0.0890 (2) 
0.0523 (2) 
0.0736 (2) 
0.1258 (3) 
0.0752 (3) 

0.033 i 2 j  
0.064 (3) 
0.048 (2) 
0.044 (2) 
0.028 (2) 
0.041 (3) 
0.038 (3) 
0.040 (3) 
0.028 (3) 
0.029 (3) 
0.037 (3) 
0.037 (3) 
0.039 (3) 
0.034 (3) 
0.029 (3) 
0.045 (4) 
0.054 (4) 
0.061 (4) 
0.087 (5) 
0.031 (3) 
0.036 (3) 
0.054 (4) 
0.060 (4) 
0.035 (3) 
0.036 (3) 
0.039 (3) 
0.053 (4) 
0.065 (4) 
0.068 (4) 
0.043 (3) 

0.054 i2 j  
0.081 (3) 
0.060 (2) 
0.062 (2) 
0.042 (2) 
0.043 (2) 
0.048 (2) 
0.043 (3) 
0.044 (3) 
0.046 (3) 
0.043 (3) 
0.045 (3) 
0.054 (3) 
0.057 (3) 
0.049 (3) 
0.057 (4) 
0.043 (3) 
0.069 (4) 
0.110 ( 5 )  
0.042 (3) 
0.047 (3) 
0.056 (4) 
0.052 (3) 
0.047 (3) 
0.054 (3) 
0.054 (3) 
0.062 (4) 
0.050 (3) 
0.079 (4) 
0.066 (4) 

0.043 i 2 j  
0.055 (2) 
0.038 (2) 
0.065 (3) 
0.047 (3) 
0.042 (3) 
0.038 (2) 
0.047 (3) 
0.046 (3) 
0.039 (3) 
0.050 (3) 
0.058 (4) 
0.047 (3) 
0.045 (3) 
0.043 (3) 
0.052 (4) 
0.064 (4) 
0.076 (4) 
0.063 (4) 
0.041 (3) 
0.039 (3) 
0.047 (3) 
0.054 (4) 
0.061 (4) 
0.044 (3) 
0.039 (3) 
0.051 (4) 
0.059 (4) 
0.067 (4) 
0.080 (5) 

-0.007 i 2 j  
-0.017 (2) 

0.009 (2) 
0.019 (2) 

-0.006 (2) 
-0.001 (2) 

0.009 (2) 
0.011 (2) 
0.003 (3) 
0.005 (3) 

-0.003 (3) 
-0.002 (3) 

0.004 (3) 
-0.002 (3) 
-0.004 (3) 
-0.015 (3) 
-0.020 (3) 
-0.004 (4) 
-0.018 (5) 
-0.001 (3) 

0.003 (3) 
0.002 (3) 
0.011 (3) 
0.000 (3) 
0.002 (3) 

-0.002 (3) 
0.013 (3) 
0.002 (4) 
0.033 (4) 
0.014 (3) 

0.008 (2j  
0.015 (2) 
0.005 (2) 
0.002 (2) 
0.002 (2) 
0.001 (2) 
0.005 (2) 

-0.003 (2) 
-0.002 (3) 
-0.003 (3) 

0.001 (3) 
-0.005 (3) 

0.002 (3) 
0.002 (3) 
0.004 (3) 
0.003 (3) 
0.005 (3) 
0.005 (4) 
0.021 (4) 

-0.001 (3) 
-0.003 (3) 

0.009 (3) 
-0.005 (3) 
-0.007 (3) 

0.001 (3) 
0.008 (3) 
0.010 (3) 
0.002 (4) 
0.000 (4) 
0.001 (4) 

-0.008 (2) 
-0.031 (2) 

0.008 (2) 
0.011 (2) 

-0.006 (2) 
-0.007 (2) 

0.009 (2) 
-0.003 (2) 
-0.005 (3) 
-0.003 (3) 
-0.003 (3) 
-0.009 (3) 
-0.016 (3) 
-0.004 (3) 
-0.003 (3) 
-0.004 (3) 
-0.004 (3) 
-0.032 (4) 
-0.038 (4) 

0.004 (3) 
-0.002 (3) 

0.014 (3) 
0.015 (3) 
0.003 (3) 
0.005 (3) 
0.005 (3) 
0.022 (3) 
0.018 (3) 

-0.005 (4) 
-0.000 (4) 

The form of the anisotropic thermal parameter is e ~ p [ - 2 n ~ ( U , , h ~ a * ~  + U22k2b*2 + U3312c*2 + 2U,,hka*b* + 2UI3hla*c* + 
2U,,klb*c*)]. 

from the ideal octahedral 180' (176.0, 179.9, and 176.0', 
respectively). In this regard, the complex closely resembles 
the low-spin [Fe111(Sal)2trien]+ (Figure lb) and [Fe"'(3- 
OCH3Salmeen)2]+ cations and is markedly less distorted than 
the high-spin hexadentate [Fe111(Acac)2trien]+ and [Felt'- 
(Aca~Cl)~trien]+ complexes (Figures IC). The metal-ligand 
bonds are again uneven: the two Fe-0 bonds are by far the 
shortest (1.886 A), and the bonds to the amino nitrogens are 
longer (2.046 A) than those to the imino nitrogens (1.944 A). 
However, the differences in these bond lengths are slightly 
smaller than in the analogous [ Fel"( 3-OCH$almeen)2]PF6 
compound and therefore correspond to a slightly closer ap- 
proach to octahedral symmetry. The 12 angles subtended at 
the metal atom by the adjacent donor atoms range from 83.0 
to 95.5', compared to the 90' required for a perfect octahe- 
dron. 
[Fe111(S-OCH3Salmeen)2PF6 ( S  = 5 / 2 > .  The lattice of this 

high-spin complex consists of well-defined [Fe"'(5- 
OCH3Salmeen),]+ ions (Figure 3a) and PF6- anions; the latter 
in this case are not disordered. The metal environment in the 
complex cation is approximately octahedral and is qualitatively 
similar to that observed in the two low-spin Salmeen complexes 
described above, but with the distortions from octahedral 
symmetry being much greater than in either of these two 
complexes. The angles O(lA)-Fe-N(2A), O( 1B)-Fe-N(2B), 
and N( 1A)-Fe-N( 1B) all deviate considerably from the ideal 
octahedral 180' (164.6, 164.2, and 172.9', respectively). In 
this regard the complex differs dramatically from the low-spin 
Salmeen complexes but is similar to, though very slightly less 
distorted than, the high-spin hexadentate complexes [Fe"'- 
(A~ac)~trien]PF, and [Fe'11(AcacC1)2trien]PF6. To an even 
greater extent than in its low-spin analogues, the metal-ligand 
bond lengths in [Fe111(5-OCH3Salmeen)2 are asymmetric, 

bonds to the amino nitrogens are much longer (2.209 A) than 
the Fe-O bonds being the shortest (1.914 8' average), and the 

those to the imino nitrogens (2.100 A). The bond asymmetry 
is similar to but slightly greater than that observed in the 
high-spin [ Fe"'( Acac) 2trien] + and [ Fe"'( A~acCl)~trien] + 

complexes. The 12 angles subtended at the metal atom by 
adjacent donors range from 77.8 to 98.4', compared with the 
90' required for a perfect octahedron. This compares with 
the slightly larger ranges of 76.6-102.1' and 78.2-99.7' o b  
served for [ Fe"'(A~ac)~trien]+ and [ Fe"'(A~acCl)~trien]+, 
respectively. 

Spin State/Stmcture correlatioa for the [Fdn(X-Salmeen)J 
Complexes. As previously reported,26 the [ Fe"'(X-Sa1- 
meen)2]PF6 series of complexes displays a temperature-de- 
pendent ( S  = 1/2) (S = 5 / 2 )  spin equilibrium in both the 
solid and solution states. In the solid state, at room temper- 
ature, the position of the spin equilibrium is X-substituent 
dependent (Figure la) with the X = H, +OCH3, and 5-OCH3 
derivatives being S = 5 / 2  species (peffRT > 5.7 re), whereas 
the 3-OCH3 (pe$'* = 3.20 pB) and 5-NO2 (peff295 = 2.58 pB) 
derivatives are more nearly S = 1 / 2  compounds. With as- 
sumption of limiting magnetic moments of 5.9 and 2.0 pE for 
the fully S = 5 / 2  and S = states,26 the 5-OCH3 compound 
can therefore be considered to be 95% high spin, while the 
3-OCH3 and 5-NO2 derivatives are 70% and 92% low spin, 
respectively. Thus, a comparison of molecular structures for 
the three [Fe"1(XSalmeen)2]+ cations with X = 5-OCH3, 
3-OCH3, and 5-NO2 reflects the spin state dependent struc- 
tural changes associated with a 190% (S = 5 / 2 )  - (S = 
spin conversion. In the present work, no attempt has been 
made to crystallographically resolve structures for the two S 
= and S = 5 / 2  spin isomers in the same crystal lattice; Le., 
only the "average" structure is reported, although in theory 
the 3-OCH3 compound (70% low spin) might lend itself well 
to such an attempt.1° 
As noted above, the high-spin 5-OCH3 complex has an N402 

coordination sphere that is much more distorted from an oc- 
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Table 11 

Sim et al. 

Bond Distances (A) for [Fe111(3-OCH,Salmeen),]PF6, [Fe111(5-N0,Salmeen),]PF,, and [Fe111(5-OCH,Salmeen)l]PF6 

FsO(1A) 
FsO(1B) 
FsN(1A) 
F s N (  1 B) 
FsN(2A) 
F s N (  2B) 
O( lAbC(2A) 
O( lB)-C(ZB) 
0(2A)-C(3A) 
0(2A)-C(5 A) 
0(2A)-C( 11A) 
O( 2B)-C( 3B) 
O( 2B)-C(5B) 
O( 2 B)-C( 1 1 B) 

0(3kN( 3) 
N( 1A)-C(7A) 
N( 1 B)-C(7B) 
N(lA)-C(8A) 

o( 3) 

N( l  B)-C(8B) 
N(2A)-C(9A) 
N(2B)-C(9B) 

F(3) 
F(3) 
F(4) 

F(1) 
F(1') 

F(1) 
F(1) 

1.880 (2) 
1.877 (2) 
1.933 (3) 
1.934 (3) 
2.053 (3) 
2.067 (3) 
1.317 (4) 
1.328 (4) 
1.358 (5) 

1.453 ( 5 )  
1.364 (5) 

1.436 ( 5 )  

1.307 ( 5 )  
1.277 ( 5 )  
1.468 (5) 
1.485 ( 5 )  
1.471 (5) 
1.482 ( 5 )  

C(7A) 
N(2-4) 
N(2B) 
N ( 2 N  

N(2) 
N O )  

N(2A) 
N(2B) 

1.886 (1) 

1.944 (1) 

2.046 (1) 

1.302 (2) 

1.216 (2) 
1.217 (2) 
1.276 (2) 

1.476 (2) 

1.481 (2) 

atoms SOCH, NO2 5-OCH, atoms 3-OCH3 n01 5-OCH3 

1.913 (2) N(ZAW(1OA) 1.498 (5) 1.485 (2) :::;: t:! 
1.915 (2) N(ZBW(1OB) 1.519 ( 5 )  
2.092 (3) Ni3)-C(51 1.448 (2) 
2.108 (3) C ( l k k ( 2 A )  
2.224 (3) C(lB)-C(2B) 
2.194 (3) C(lA)-C(6A) 
1.334 (4) C(lB)-C(6B) 
1.317 (4) C(lAbC(7A) 

C(lB)-C(7B) 
1.375 (4) C(2A)-C(3A) 
1.398 ( 5 )  C(2B)-C(3B) 

C(3A)-C(4A) 
1.376 (4) C(3B)-C(4B) 
1.426 (1) C(4A)-C(5A) 

C(4B)-C(5B) 
C(SA)-C(6A) 

1.275 (4) C(5B)-C(6B) 
1.277 (4) C(8A)-C(9A) 
1.481 (4) C(8B)-C(9B) 

1.484 (4) 
1.466 (4) 

Interionic Contacts (A) 

1.473 (4) (C-H) 

~ . ,  
1.423 ( 5 )  1.413 (4) 
1.405 ( 5 )  1'430 (2) 1.404 (4) 
lS4l5 ( 5 )  1.393 (2) i:::; i:; 1.423 (6) 
1'416 ( 5 )  1.439 (2) 1.443 1.435 (4) (4) 
1.439 (6) 
1*425 1.408 (2) :::;: t"d, 1.458 (6) 
1'393 (6) 1.364 (3) i::;: t:; 1.368 (6) 
lS4O4 (6) 1.400 (2) i::;: iii 1.364 (6) 
1'349 (6) 1.363 (2) i:::; [:; 1.355 (6) 
1315 (6) 1.503 (3) i::;: t:; 1.495 (6) 

0.95 0.94 

(a) [Fe111(3-OCH,Salmeen)l]PF6 
3.212 (56" F(6) C(8B) 3.069 (8)' 
3.15 (1) F(6) COB) 3.24 (1)' 
3.180 (gib F(4') N(2.4) 2.94 (2)b 
3.25 (1) 

(b) [Fe111(5-N0, Salmeen), ]PF6 

3.09 (3)e 
(c) [Fe111(5-OCH,Salmeen)2]PF, 
3.228 i4P  F(4) Nr2B) 3.183 ( 4 P  

3.042 (6)d F(2') C(8) 3.04 (3)f 

3.254 ( 4 9  

cx,  y, 1 + z. ' 1 2  -x, '11 

tahedral arrangement of donor atoms than for either of the 
low-spin 3-OCH3 or 5-NO2 derivatives. This fact is evidenced 
by comparing the range of internal N-Fe-N and N-Fe-O 
bond angles which span from 78.3 to 96.7' for 5-OCH3, as 
compared to only 83.3-95.6' and 83.0-95.5' for 3-OCH3 and 
5-NO2, respectively (90' is required for a perfect octahedron), 
and the range of the six Fe-ligand bond distances which vary 
from 1.91 to 2.21 A (A = 0.30 A) in 5-OCH3 and only from 
1.88 to 2.04 A (A = 0.16 A) in the two low-spin complexes. 
Table IV summarizes the average Fe-ligand bond distances 
for the three complexes. Inspection of the table reveals that 
the deviation from octahedralicity for all three [ Fe"'(X-Sal- 
meen)2]+ cations is characterized by markedly uneven Fe- 
ligand bond lengths: the two Fe-O bonds are by far the 
shortest (the phenolic oxygens bear negative charge), and the 
bonds to the amino nitrogen atoms are longer than those to 
the imino nitrogens. Furthermore, this distortion pattern is 
common to both the high-spin and low-spin forms, although 
it is more accentuated in the high-spin 5-OCH3 complexes 
where all the Fe-ligand bond distances are longer due to 
double occupancy of the e * (under 0, symmetry) orbitals. 

The average Fe-ligand distance in the high-spin 5-OCH3 
complex, rb, is 2.074 A, whereas in the low-spin 5-NO2 com- 
plex the distance r l s  is 1.959 A. This gives an average dif- 
ference, 6,,, between the high-spin and low-spin forms of ap- 
proximately 0.12 A. Using the corresponding rls = 1.957 A 
data from the 3-OCH structure gives the same result for b,,, 
even though magnetic data (vide supra) suggest that the 
compound is on1 70% low spin. It is instructive to compare 
this 6,, = 0.12 K result for the present 3d5 (and 3d6) spin- 

O(2B) C(1OB) 3.314h' . 

+ y, z. e ' I 2  + x, 'Il + y, ' I ,  -z. f -x, Y, 1 1 2  - z. g I11 + X I  Y, 

equilibrium systems; this information has been collected in 
Table V. The complexes in the table are all six-coordinate 
species derived from different ligands having various dentate 
character and donor atom sets. For comparison with the 
present bis tridentate [Fe1r1(X-Salmeen)2]+ series, the struc- 
turally similar hexadentate [ Fer''(Sal)2trien]+ and [Fe"'- 
(A~ac)~trien]+ complexes of Figure 1 b,c are probably the most 
relevantg in that both the bis tridentate and hexadentate 
complexes have the same N402 donor atom set arranged in 
the same manner about the metal atom. The two series of 
complexes are further related in that they exhibit the same 
tetragonal distortion pattern in both spin isomers, although 
it is much less pronounced in the low-spin forms. For example, 
the high-spin [FeU'(Acac)2trien]PF complex (Figure I C  with 
X = H) has Fe-N(amino) = 2.17 R, Fe-N(imino) = 2.10 A, 
and Fe-O = 1.93 A, which com ares to corresponding dis- 
tances of 2.21, 2.10, and 1.91 f i n  the high-spin [Fe1"(5- 
OCH3Salmeen)2]PF6 compound. For the low-spin [ Fer''- 
(Sal) trien]N03.H20 complex (Figure lb), Fe-N amino) = 

the corresponding distances in the low-spin [Fe"'(5- 
NO2Salmeen)2]PF6 complex are 2.05, 1.94, and 1.89 A, re- 
spectively. These spin state dependent bond distance changes 
result in the same b,, = 0.124.13 A value for both the hex- 
adentates and present bis tridentates, except that in the 
[Fe1r1(XSalmeen)2]+ complexes the Fe-N(amino) bond is 
considerably longer (0.04-0.05 A) for both spin states than 
the corresponding distance in the hexadentate species (by 
comparison, the Fe-N(imino) and Fe-O distances differ by 
only 0.01-0.02 A). Of course, the constraining influence of 

2.00 A, Fe-N(imino) = 1.93 A, and Fe-0 = 1.88 d , whereas 
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Table 111. Bond Angles (Deg) for [Fe111(3-OCH,Salmeen),]PF,, [Fe"'(5-NO2Salmeen),]PF,, and [Fe"'(S-OCH,Salmeen),]PF, 
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atoms S W H ,  NO2 5-OCH, atoms 3-OCH3 NO 2 5-OCH, 

O( 1 A)-Fe-O( 1B) 
O(lA)-Fe-N(lA) 
O( lA)-Fe-N(ZA) 
O( 1 A)-Fe-N( 1B) 
O(lA)-Fe-N(ZB) 
O(lB)-Fe-N(lA) 
O(lB)-Fe-N(2A) 
O(lB)-FeN(lB) 
O( lB)-Fe-N(2B) 
N( 1A)-Fe-N(2A) 
N( 1A)-Fe-N( 1B) 
N(lA)-Fe-N(2B) 
N(2A)-Fe-N( 1B) 
N(2A)-Fe-N(2B) 

Fe-O(lB)-C(ZB) 
C(3A)-0(2A)-C( 11A) 
C(SA)-0(2A)-C( 11A) 
C(3B)-O(2B)-C(llB) 
C(SB)-O(2B)-C(llB) 
Fe-N(lAkC(7A) 
Fe-N(lBkC(7B) 
Fe-N( lA)-C(8A) 
C(2A)-C(3A)-C(4A) 

0(2A)-C(3A)-C(2A) 
0(2A)-C(3A)-C(4A) 
O( 2B)-C(3B)-C(2B) 
0(2B)-C(3B)-C(4B) 
C(3A)-C(4A)-C(SA) 
C(3B)-C(4B)-C(SB) 
C(4A)-C(SA)-C(6A) 
C(4B)-C(SB)-C(6B) 
0(2A)-C(SA)-C(4A) 
0(2A)-C(5 A)-C(6A) 

N(lB)-FeN(ZB) 
F e O (  1 A)-C( 2A) 

C( 2B)-C( 3B)-C(4B) 

95.3 (1) 
93.4 (1) 

175.0 (1) 
87.0 (1) 
87.9 (1) 
87.8 (1) 
88.4 (1) 
93.2 (1) 

175.2 (1) 
83.3 (1) 

178.9 (1) 
95.6 (1) 
96.2 (1) 
88.6 (1) 
83.4 (1) 

127.5 (2) 
125.7 (2) 
118.9 (3) 

116.7 (3) 

126.5 (3) 
126.7 (3) 
114.4 (2) 
120.1 (4) 
120.3 (4) 
115.8 (3) 
124.1 (4) 
114.3 (3) 
125.4 (4) 
119.6 (4) 
121.5 (4) 
121.6 (4) 
120.5 (4) 

91.1 (1) 
92.9 (1) 

176.0 (1) 
88.6 (1) 
88.9 (1) 

83.0 (1) 
177.9 (1) 
95.5 (1) 

91.4 (1) 

125.3 (1) 

125.7 (1) 

121.9 (2) 

119.6 (2) 

120.3 (2) 

98.4 (1) 
87.3 (1) 

164.6 (1) 
97.0 (1) 
89.0 (1) 
97.5 (1) 
89.0 (1) 
87.4 (1) 

164.2 (1) 
78.3 (1) 

172.9 (1) 
96.7 (1) 
96.8 (1) 
87.2 (1) 
77.8 (1) 

133.0 (2) 
133.6 (2) 

117.4 (3) 

116.9 (2) 
126.5 (2) 
125.8 (2) 
114.7 (2) 
121.8 (3) 
120.5 (3) 

120.1 (3) 
120.7 (3) 
119.0 (3) 
119.9 (3) 
114.6 (3) 
126.4 (3) 

Table IV. Average Fe-Ligand Bond Distances (A) in 
[Fd11(5-OCH,Salmeen),]PF,, [Fe"'(3-0CH3Salmeen),]PF,, 
and [Fe1I1(S-NO,Salmeen), IPF, 

bond 5-OCH, SOCH, 5-NO, 
(Fe-OP 1.914 1.879 1.886 
(Fe-N(imino)Y 2.100 1.934 1.944 
(Fe-N amino))" 2.209 2.060 2.046 
(Fe-L) 6 2.074 1.957 1.959 

Average of the two bond distances. Average of the six Fe- 
ligand bond distances. 

the ethylenediamine chelate ring is likely responsible for the 
shorter Fe-N(amino) bond distances in the hexadentates, 
although the additional influence of a [N-H--OH2] hydro- 
gen-bonding network, present in the low-spin [ Fen1(Sal)2trien]+ 
hexadentate complexes9 but absent in the anhydrous [Fell'- 
(XSalmeen)*]PF6 compounds, is difficult to assess. 

Regardless of exact origin, it seems significant that an 
identical value of a,, = 0.12-0.13 A is found for both the 
spin-equilibrium hexadentate and bis tridentate [Fe"'(Sal- 
meen)2]+ complexes, and from inspection of Table V, this 6," 
value may indeed be quite general for molecular structural 
change associated with (low spin) (high spin) transitions 
in 3d5 systems. Furthermore, the available data in the table 
suggests that substantially larger primary coordination sphere 
reorganizational processes (&,, N 0.20 A) may be generally 
characteristic of 3d6 spin-transition phenomena. This being 
the case, the result is not inconsistent with our previous sug- 
g e ~ t i o n ~ ~  that intersystem crossing rates in spin-equilibrium 
complexes may be strongly rate determined by the extent of 

~ ~~ ~~~~~~ 

(33) See for example: h e ,  E. V.; Hcselton, M. A,; Sutin, N.; Twcedle, M. 
F.; Wilson, L. J.  J .  Am. Chem. SOC. 1978, 100, 1141. 

0(2B)-C(SB)-C(4B) 
WB>-C(5B)C(6B) 
N(3)-C(5X(4) 
NW-C(5)-C(6) 
C(lA)-C(6A)-C(SA) 
C(lB)-C(6B)-C(SB) 
N( 1 A N (  7A)-C( 1A) 
N(lB)-C(7B)-C(lB) 
N( lA)-C(8A)-C(9A) 
N(lB)-C(8B)-C(gB) 
N(2A)-C(9A)-C(8A) 
N(2B)-C(9B)-C(8B) 
Fe-N( 1B)-C(8B) 
C(7A)-N(lA)-C(8A) 
C(7B)-N(lB)-C(BB) 
F+N(2A)-C(gA) 
F*N( 2B)-C(9B) 
Fe-N(2A)-C(lOA) 
Fe-N(2B)-C(lOB) 

C(SB)-N(ZB)-C( 10B) 
0(2)-N(3>-0(3) 

0(3)-N(3)-C(5) 
C( 2A)-C( 1 A)<( 6 A) 

C( 2A)-C( 1A)-C( 7A) 
C(2B)-C( lB)-C(7B) 
C(6A)-C(lA)-C(7A) 
C(6B)-C(lB)-C(7B) 
O( lA)-C(ZA)-C( 1A) 
O(lB)-C(ZB)-C( 1B) 

O( lB)-C(2B)-C(3B) 

C(lB)-C(2B)-C(3B) 

C(gA)-N(ZA)-C(lOA) 

O( 2)-N (3)-C(5) 

C(2B )-C( 1 B)-C(6 B) 

O( 1 A)-C( 2A)-C( 3A) 

C( 1 A)-C(ZA)-C( 3A) 

120.5 (4) 
121.3 (4) 
124.6 (3) 
124.9 (4) 
106.7 (3) 
106.3 (3) 
107.3 (3) 
107.6 (3) 
113.7 (3) 
119.2 (3) 
119.4 (3) 
105.3 (2) 

116.3 (3) 

109.8 (3) 
110.7 (3) 

119.6 (4) 
119.4 (4) 
122.8 (3) 
121.6 (4) 
117.6 (4) 
119.0 (4) 
124.8 (3) 
126.2 (4) 
116.6 (3) 
116.8 (3) 
118.5 (3) 
117.0 (4) 

115.2 (3) 
124.9 (3) 

119.6 (2) 
120.1 (2) 
121.4 (2) l;::: ii; 
124.4 (1) :;::: ii! 
105.6 (1) ::::; iii 
107.9 (1) i:::: iii 
113.7 (1) 115.8 (2) 
120.5 (1) ::::: !i{ 

105.4 i2j  
lo8'0 (') 106.4 (2) 

116.2 (2) 
114.2 (2) 
113.1 (3) 
111.1 (3) 

122.1 (1) 
119.6 (1) 
118.2 (2) 
119.2 (2) ii! 
122.7 (1) ii), 
118.1 (1) 117.5 (3) 

116.9 (3) 
124.2 (1) i;::: 
118.2 (1) ::::; ii; 

117.7 (3) 
117'6 (2) 118.0 (3) 

Table V. Available Structural Information for Six-Coordinate 3dS 
and 3d6 Spin-Equilibrium Complexes 

ligand dentate 

compd donor atom set A ref 
character, 6 

3dS Systems 
[FeIII(X-Salmeen), 1' tri, N,O, 0.12 this work 
[ FelI1(Sal),trien]+ hexa, N,O, 0.13 9 
[FeIII(Acac) trien]+ hexa, N,O, 0.13 9 

[ FelI1(mtk), I C  bi,S,O, O.Ogd 4 

[FeII(6-Mepy),t1en]*+~ hexa, N, 0.2d' 5, 6, 9 

[Fdll(dtc),])b b i  s 6  0.11 3, 9 

3d6 Systems 

[ Fe11(2-pic), 1'' bi, N, 0.19 11 
[FeII(pyz), 1g tn, N, 0.20 12 

a The average metal-ligand bond distance change estimated to 
occur upon total (high spin) +(low spin) conversion. 
thiocarbamate ligands. mtk = monothiep-diketonate ligands. 

3-yl)-3-aza-3-butenylamine] ligand. 2- ic 2-picolylamine lig- 
ands. pyz = pyrazolylborate ligands. Ulper limit. 

dtc = di- 

Lower limit. e (6-Mepy), tren = the [ 4-(6-methyl-2,2'-bipyridyl- 

the structural reorganizational processes that must accompany 
the intersystem crossing event (some of the slowest rates have 
been measured for 3d6 systems). 

Future studies of spin-state dependency on molecular 
structure will focus on further exploring the generality of the 
a,, trend suggested in Table V for 3dS and 3d6 systems (both 
AS = 2 processes), as well as for AS = 1 3d7 cases where such 
structural information is even more critically lacking. 
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P,P-Difluoro- and P,P-dichloro- 1,3,4,2-oxadiazaphospholes and - 1,2,4,3-triazaphospholes form tricyclic dimers with two 
phosphorane bridgeheads joined together by a diazadiphosphetidine ring. NMR data are consistent with either meridional 
or facial ring placement in these pentacoordinate phosphorus derivatives. Single-crystal X-ray analysis of two members, 
the dimeric triazaphospholes (PhCN3MePF2)2 (4a) and (PhCN3MePC12)2 (4b), reveal cis-facial structures. The penta- 
coordinated geometry around each phosphorus center is almost exactly halfway between the idealized trigonal bipyramid 
and square pyramid along the Berry coordinate. 4a crystallizes in the monoclinic space group P2,/n, with a = 11.344 
(7) A, b = 11.617 (5) A, c = 14.254 (1 1) A, B = 96.83 (6)O, and Z = 4. 4b crystallizes in the monoclinic space group 
P21/c with a = 6.585 (2) A, b = 21.383 (9) A, c = 15.824 (7) A, @ = 103.89 (4)O, and 2 = 4. Data for both compounds 
were collected, with an automated Enraf-Nonius CAD 4 diffractometer, out to a maximum 28,,,, of 50'. Full-matrix 
least-squares refinement techniques led to the final agreement factors of R = 0.042 and R,  = 0.051 for 4a on the basis 
of 2059 reflections having I 1  2q and R = 0.036 and R,  = 0.046 for 4b for the 2855 reflections having I I 2ul. The 
cis-facial conformation for 4a and 4b in contrast to the meridional form found for two related tricyclic diphosphoranes 
is attributed to the dominance of halogen apicophilicity over the preference for nitrogen planarity. The extent of displacement 
toward the square pyramid is viewed as a measure of the relative importance of these two effects. A low-energy path for 
intramolecular ligand exchange is suggested to account for the suspected fluxional behavior indicated by the NMR data. 

Introduction 

Two trigonal bipyramids having a central phosphorus atom 
and sharing an  edge between an apical and an equatorial 
nitrogen atom constitute the (idealized) structure of diaza- 
di-X5-phosphetidines, Ia. These dimeric phosphoranes exist 
when substituents of sufficient electronegativity are  attached 
to phosphorus. For example, X-ray and in some cases electron 
diffraction analyses have shown the existence of this structural 
class for fluoro-"8 and chloro-substituted"' derivatives. In- 
clusion of a second small ring, leading to the spirocyclic 

(a) Pentacoordinated Molecules. 38. (b) Previous paper in this series: 
Day, R. 0.; Husebye, S.; Holmes, R. R. Inorg. Chem. 1980,19, 3616. 
(a) Four- and Five-Membered Phosphorus Heterocycles. 47. (b) Part 
46: Schmidpeter, A,; Zeiss, W.; Schomburg, D.; Sheldrick, W. S. 
Angew. Chem. 1980, 92, 860; Angew. Chem., Int. Ed. Engl. 1980,19, 
825. 
(a) University of Massachusetts. (b) Universitit Munchen. 
Cox, J. W.; Corey, E. R. Chem. Commun. 1967, 123. 
Almenningen, A.; Andersen, B.; Astrup, E. E. Acta Chem. S c u d .  1969, 
23, 2179. 
Sheldrick, W. S.; Hewson, M. J. C. Acta Crystullogr., Sect. B 1975, 
831,  1209. 
Fild, M.; Sheldrick, W. S.; Standiewicz, T. Z. Anorg. Allg. Chem. 1975, 
415, 43. 
Harris, R. K.; Wazeer, M. I. M.; Schlak, 0.; Schmutzler, R.; Sheldrick, 
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