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Abstract: The crystal structures of two alkali metal ion cryptates, |Na+ c 22l|-SCN (I) and |K+ c 221|-SCN (II), where 
|221| is 4,7,13,16,21-pentaoxa-l,10-diazabicyclo[8.8.5]tricosane, have been determined. The crystals of I are monoclinic, a 
= 13.258 (5), b = 12.906 (5), c = 12.645 (5) A, and 0 = 94.77 (3)°, space group Plx/c. The structure was refined to an Rx fac
tor of 0.046 on 2590 independent nonzero reflections. The crystals of II are monoclinic, a = 7.957 (3), b = 15.488 (5), c = 
18.503 (5) A, and 0 = 103.16 (3)°, space group Pl\jc. The structure has been refined to an Rx factor of 0.042 on 3077 inde
pendent nonzero reflections. In both compounds, the alkali cation is held inside the molecular cavity of the bicyclic ligand by 
ion-dipole interactions. In the potassium cryptate, the metallic ion also interacts with the thiocyanate anion. The selectivity 
of complexation is discussed in terms of structural parameters. The three-dimensional structures show that an enthalpic prese
lection is made by the ligand and an important entropic effect does the final selection. 

It was proposed many years ago that ring chelates could 
be designed to select for metal ions on the basis of a compati
bility between the cavity size of the ligand and the cation size.3 

This expectation has been fulfilled in the last 10 years for the 
alkali and alkaline-earth metal cations.4 Many natural and 
synthetic ligands presenting high selectivities among these 
cations are now known and their properties are well docu
mented.5 

The most stable complexes known to date with the alkali and 
alkaline-earth metal cations are obtained with macrobicyclic 
ligands.6 Such ligands form inclusion complexes (cryptates) 
in which the metal cation is contained in a three-dimensional 
intramolecular cavity.7 Some of these bicyclic ligands display 
also very high selectivities for one alkali or alkaline-earth metal 
cation. For instance, ligand |221| displays a peak selectivity 
for Na+. Its cavity size as evaluated on molecular models is ca. 
1.1 A, thus very close to the size OfNa+. However, the ther
modynamic quantities AG, A//, and AS involved in the com
plexation process in water show that the preference of ligand 
12211 for Na+ over K+ is of entropic origin.6c Thus the cavity 
radius-cation radius effect evaluated with molecular models 
does not give an accurate picture of the conformational pa
rameters involved in the selectivity of complexation. In order 
to obtain a deeper insight into these parameters (equilibrium 
cavity, adaptability, and steric deformation of the ligand) we 
have studied the crystal and molecular structures of alkali 
metal cryptates with the bicyclic diazapolyether ligands pre
senting a peak selectivity for one cation. We report here the 
results obtained with the sodium and potassium salts: |Na+ 

c 2211-(SCN)- (I) and |K+ c 2211-(SCN)- (II) (see Figure 
1). 

Experimental Section 

X-Ray Data Collection. Crystals were obtained by slow evaporation 
at room temperature of a methanol-butanol solution containing the 
metal thiocyanate and the ligand in a 1:1 mole ratio. Preliminary 
precession photographs showed monoclinic Ijm Laue symmetry. 
Systematic absences of AO/, / = 2« + 1, OkO, k = In + 1, identified 
the space group as PlxJc for both compounds. Subsequently, crystals 
were sealed in Lindemann glass capillaries and optically aligned on 
a PC2200-controlled Philips PW1100 diffractometer. Unit cell con
stants were determined from a least-squares analysis of the 6, x, and 
0 angles of 19 reflections centered automatically, using graphite 
monochromated Cu Ka radiation. Relevant crystal data are given in 
Table I. 

The diffraction data were collected at room temperature (20 ± 
I0C).The takeoff angle was 4°. The intensities of three standard re
flections were measured after intervals of 90 min. They varied less than 
1.25% for I and 4.04% for II. These values are obtained using the ex
pression 

T, (Xn 
i 

x)2 

100 /2 

where Xn and x are the number of counts of the «th measurement and 
the mean number of counts, respectively. The intensity data for the 
two compounds were reduced to relative squared amplitudes (F0)

2 

by application of standard Lorentz and polarization factors. Extinction 
and absorption effects were neglected for both data set. 

Both structures were solved by direct methods. The structure factors 
were first put on an absolute scale by calculating the statistical dis
tribution of the E values for all the reflections. This resulted in 510 
reflections with E values greater than 1.5 for I (408 for II). The most 
consistent set of signs for these reflections was calculated using the 
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Table I. Summary of Crystal Data and Intensity Collection 

compd I: (C16H32N2Os)-NaSCN II: (Ci6H32N2Os)-KSCN 

mol wt 
a 
b 
c 
/3 
V 
Z 
density (calcd) 
density (obsd) 
space group 
approximate crystal 

dimensions 
M 

data collection method 
background counts at both 

ends of the scan 
0 limits 
measured reflections 
observed reflections 
F0

2 > 3(T(F0
2) 

F(OOO) 
scan range 
p value 
final Ri = 

2(1/7Ol -
final R2 = 

[2K-(IF0I 

|FC | ) /2 |F0 | 

- | F C | ) 2 / 2 H - | F 0 | ] ' / 2 

413.51 
13.258(5) A 
12.906(5) A 
12.645(5) A 
94.77 (3)° 
2156.16 A3 

4 
1.274 g/cm3 

1.26 ± 0.03 g/cm3 

PlxJc 
0 .25X0.25X0.25 

17.68 cm- 1 

0-20 scan (2°/min 
7s 

3-62° 
3733 
2590 

888 
0.80 + 0.28 tan 0 
0.05 
0.046 

mm 

along 0) 

429.62 
7.957(3) A 
15.488(5) A 
18.503(5) A 
103.16(3)° 
2220.39 A3 

4 
1.285 g/cm3 

1.26 ±0 .03 g/cm3 

P2\/c 
0.18 X 0.18 X 0.22 mm 

31.82 cm- ' 
0-20 scan (2°/min along 
7s 

2.5-60° 
3696 
3077 

920 
1.00+ 0.28 tan 0 
0.05 
0.042 

0.058 0.059 

program MULTAN.8 The calculated phases were used to compute an 
E map, which revealed all the nonhydrogen atoms in I and II. Both 
structures were then refined by full-matrix least-squares techniques, 
the quantity minimized being w(|F0 | - |FC|)2, where the weights w 
were taken as l/cr2(F0).

9 For all structure factor calculations, the 
atomic scattering factors used were those calculated by Moore using 
Pepinsky's modifications.10 The effects of anomalous dispersion were 
included for the K, Na, S, and O atoms; the values of AF' and AF" 
are those given in ref 11. 

Fourier difference maps computed at the end of isotropic refinement 
revealed electron density concentration close to the calculated positions 
for hydrogen atoms (C-H = 1 A, X-C-H = 109.5°). These were 
introduced in all subsequent calculations with isotropic temperature 
factors fixed at 4 A2. A final series of least-squares refinements of 
positional parameters of all nonhydrogen atoms and anisotropic 
thermal parameters converged to R\ = 0.046 for I, 0.042 for II, and 
Ri = 0.058 for I and 0.059 for II. The final difference Fourier maps 
show no maxima greater than 0.26 e A - 3 for I, 0.39 e A - 3 for II. The 
final standard deviation of an observation of unit weight was 1.63 (I) 
and 1.85(11). 

Table II. Intramolecular Distances (A) 

C(19) 
0^1) NdO) 

C122i_^C(23) 

CO) 

C(5) Ct6) 
Figure 1. Schematic representation and notation used in the Ci6H32N2O5 
compound. 

A listing of observed and calculated structure factor amplitudes 
based on the parameters of the final least-squares refinement and a 
table of positional and thermal parameters are available.12 Bond 
distances and bond angles with estimated standard deviations calcu-

M-N(CS) 
M - N ( I ) 
M-0(4 ) 
M - 0 ( 7 ) 
M-N(IO) 
M-0(13) 
M - O (16) 
M-0(21) 

N( l ) -C(2) 
C(2)-C(3) 
C(3)-0(4) 
0(4) -C(5) 
C(5)-C(6) 
C(6)-0(7) 
0(7) -C(8) 
C(8)-C(9) 
C(9)-N(10) 
N(IO)-C(I l ) 

I 

2.703(3) 
2.491 (2) 
2.499 (2) 
2.591 (2) 
2.451 (2) 
2.519(2) 
2.446 (2) 

1.469(4) 
1.507(4) 
1.423(3) 
1.431 (3) 
1.482(4) 
1.428(4) 
1.434(4) 
1.511 (4) 
1.474(4) 
1.479(4) 

II 

2.776 (2) 
2.916(2) 
2.871 (1) 
2.759(2) 
2.897 (2) 
2.818(1) 
2.702(1) 
2.852(1) 

1.480(3) 
1.493(4) 
1.424(3) 
1.427(3) 
1.484(5) 
1.420(3) 
1.427(3) 
1.494(5) 
1.462(4) 
1.479(4) 

C( l l ) -C(12) 
C(12)-0(13) 
0(13)-C(14) 
C(14)-C(15) 
C(15)-0(16) 
0(16)-C(17) 
C(17)-C(18) 
C( IS) -N(I ) 
N( l ) -C(19) 
C(19)-C(20) 
C(20)-O(21) 
0(21)-C(22) 
C(22)-C(23) 
C(23)-N(10) 

N - C 
C-S 

N(I)-N(IO) 

I 

1.498(4) 
1.432(3) 
1.421 (3) 
1.495(4) 
1.434(3) 
1.426(3) 
1.496(4) 
1.481 (3) 
1.474(3) 
1.510(4) 
1.430(3) 
1.426(4) 
1.517(5) 
1.477(3) 

1.053(6) 
1.655 (5) 

4.944(5) 

II 

1.498(5) 
1.424(3) 
1.430(4) 
1.479(4) 
1.431 (3) 
1.411 (3) 
1.510(4) 
1.465(3) 
1.463(3) 
1.505(3) 
1.431 (3) 
1.430(3) 
1.507(4) 
1.468(3) 

1.149(4) 
1.624(3) 

5.143(4) 
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Table III. Selected Bond Angles (deg)° 

N ( l ) - M - 0 ( 4 ) 
N ( l ) - M - 0 ( 7 ) 
N( I ) -M-N(IO) 
N ( I ) - M - O ( U ) 
N ( l ) - M - 0 ( 1 6 ) 
N ( l ) - M - 0 ( 2 1 ) 
N ( I ) - M - N 
0 ( 4 ) - M - 0 ( 7 ) 
O(4)-M-N(10) 
0 ( 4 ) - M - 0 ( 1 3 ) 
0 ( 4 ) - M - 0 ( 1 6 ) 
0 ( 4 ) - M - 0 ( 2 1 ) 
0 ( 4 ) - M - N 
O(7)-M-N(10) 
0 ( 7 ) - M - 0 ( 1 3 ) 
0 ( 7 ) - M - 0 ( 1 6 ) 
0 ( 7 ) - M - 0 ( 2 1 ) 
0 ( 7 ) - M - N 
N(10)-M-O(13) 
N(10)-M-O(16) 
N(10)-M-O(21) 
N(IO)-M-N 
0 (13 ) -M-0 (16 ) 
0 (13 ) -M-0 (21 ) 
0 ( 1 3 ) - M - N 
0 (16 ) -M-0 (21 ) 
0 ( 1 6 ) - M - N 
0 ( 2 I ) - M - N 

1 

67.0 
134.4 
138.1 
124.3 
67.0 
68.3 

67.4 
120.6 
154.0 
101.5 
101.0 

69.6 
97.6 

123.0 
121.4 

68.8 
136.3 
69.8 

68.1 
104.9 

115.6 

II 

60.6 
117.2 
124.4 
108.6 
62.5 
62.4 
95.5 
59.8 

108.4 
160.7 
118.0 
79.9 
83.3 
61.6 

121.5 
175.1 

89.5 
95.7 
63.1 

122.9 
62.1 

139.4 
62.2 
80.8 

114.7 
94.5 
79.5 

156.9 

N( l ) -C(2) -C(3) 
C(2)-C(3)-0(4) 
C(3)-0(4) -C(5) 
0(4) -C(5)-C(6) 
C(5) -C(6) -0(7) 
C(6)-0(7) -C(8) 
0(7) -C(8)-C(9) 
C(8)-C(9)-N(10) 
C(9 ) -N(10) -C( l l ) 
C(9)-N(10)-C(23) 
N(10) -C( l l ) -C(12) 
C( l l ) -C(12 ) -0 (13 ) 
C(12)-0(13)-C(14) 
0(13)-C(14)-C(15) 
C(14)-C(15)-0(16) 
C(15)-0(16)-C(17) 
0(16)-C(17)-C(18) 
C(17)-C(18)-N(l ) 
C(18)-N( l ) -C(2) 
C(18)-N(l ) -C(19) 
C(19)-N( l ) -C(2) 
N( l ) -C(19)-C(20) 
C(19)-C(20)~O(21) 
C(20)-O(21)-C(22) 
0(21)-C(22)-C(23) 
C(22)-C(23)-N(10) 
C(23) -N(10) -C( l l ) 

I 

111.0 
107.3 
113.1 
108.6 
107.5 
113.7 
112.0 
112.5 
111.5 
110.8 
112.0 
108.0 
113.0 
108.5 
112.3 
113.8 
107.8 
111.4 
111.1 
111.0 
112.2 
111.8 
108.8 
111.7 
107.9 
112.3 
110.0 

II 

112.7 
107.4 
114.0 
107.6 
109.2 
113.8 
109.4 
114.9 
109.6 
113.4 
114.0 
109.1 
112.7 
108.5 
111.7 
114.4 
107.8 
115.7 
109.2 
113.6 
111.4 
112.7 
109.4 
111.2 
109.6 
115.4 
111.4 

! The estimated standard deviations are all less than 0.4°. 

Figure 2. The |Na + C 2211 cation (30% probability ellipsoids). 

Figure 3. View of the |K+ c 2211-SCN- molecule. Hydrogen atoms are 
represented by spheres of arbitrary size; thermal ellipsoids are drawn at 
the 30% probability level. 

lated from the full inverse matrix are presented in Tables II and 
III. 

Results and Discussion 

The three-dimensional structures of both cryptates are 
shown in Figures 2 and 3. In I and II the metallic cations are 
bound to all the heteroatoms of the ligand. The sodium ion 
occupies a central position, thus giving a bulky unipositive 
complex cation. The potassium ion lies in the cavity of the 
18-membered ring of 12211 or slightly below in the opposite 
direction to 0(21) rather than in the cavity of the bicycle. The 
coordination shell of the potassium ion is completed by a 
thiocyanate ion, whereas for sodium the solvation shell is 
completely replaced by the ligand. Thus, the crystal structure 
of the potassium cryptate consists of discrete molecules with 

normal intermolecular approaches (the shortest S - C inter
action is equal to 3.485 (2) A) whereas that of the sodium 
cryptate consists of cations and anions. Studies of aqueous 
solutions of both cryptates have shown that their stabilities are 
not anion dependent.13 Most likely the thiocyanate anion is 
exchanged in aqueous solutions; the crystals were grown in 
methanol-butanol solutions. 

The sodium ion in I is heptacoordinated. This involves an 
unusual geometry for a light alkali metal ion. The idealized 
structure is a bicapped tetragonal pyramid, derived from the 
tetragonal base-trigonal base (Cs symmetry)14 in which the 
three atoms N( I ) , N(IO), and 0(21) of the trigonal base are 
coplanar with Na. Their plane is orthogonal to the tetragonal 
base formed by the mean plane of 0 (4) , 0 (7) , 0(13) , and 
0(16) , and bisects the angles 0 ( 4 ) - N a - 0 ( 1 6 ) and 0 ( 7 ) -
Na-O(13). The symmetry of this polyhedron is near C2u; the 
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Table IV. Torsional Angles (deg)" 

A-B-C-D 

N( l ) -C(2 ) -C(3 ) -0 (4 ) 
C(2)-C(3)-0(4)-C(5) 
C(3)-0(4)-C(5)-C(6) 
0 (4 ) -C(5) -C(6) -0 (7 ) 
C(5) -C(6)-0(7) -C(8) 
C(6)-0(7)-C(8)-C(9) 
O(7)-C(8)-C(9)-N(10) 
N(IO)-C(11)-C(12)-0(13) 
C( l l ) -C(12) -0 (13) -C(14) 
C(12)-0(13)-C(14)-C(15) 
0(13)-C(14)-C(15)-0(16) 
C(14)-C(15)-0(16)-C(17) 
C(15)-0(16)-C(17)-C(18) 
0(16)-C(17)-C(18)-N(1) 
N(l)-C(19)-C(20)-O(21) 

I 

66.0 
173.0 
177.0 

-63.7 
176.0 

-100.2 
-56 .3 
-60 .6 

-172.2 
-174.6 

55.3 
78.6 

169.4 
65.7 
63.6 

II 

67.9 
176.7 
177.5 

-67 .0 
172.6 

-174.2 
58.9 

-69 .4 
177.9 

-175.7 
64.8 
97.7 

-177.0 
62.1 
70.8 

A - B - C - D 

C(19)-C(20)-O(21)-C(22) 
C(20)-O(21)-C(22)-C(23) 
O(21)-C(22)-C(29)-N(10) 
C(18)-N(l ) -C(2)-C(3) 
C(19)-N( l ) -C(2)-C(3) 
C(2)-N(l ) -C(18)-C(17) 
C(19)-N(l)-C(18)-C(17) 
C(2)-N(l) -C(19)-C(20) 
C(18)-N(l)-C(19)-C(20) 
C( l l ) -N(10) -C(9) -C(8) 
C(23)-N(10)-C(9)-C(8) 
C(9) -N(10) -C( l l ) -C(12) 
C ( 2 3 ) - N ( 1 0 ) - C ( l l ) - C ( 1 2 ) 
C(9)-N(10)-C(23)-C(22) 
C( l l ) -N(10)-C(23)-C(22) 

I 

-179.6 
-175.1 

-62.4 
84.8 

-150.3 
-146.1 

88.3 
78.5 

-156.6 
-72.3 
164.8 
155.4 

-81 .2 
-83 .4 
152.9 

II 

-165.4 
-170.6 

-62.8 
95.3 

-138.4 
-172.4 

62.5 
73.5 

-162.7 
-172.7 

62.1 
161.6 

-72.1 
-99.8 
135.9 

a The estimated standard deviations are all less than 0.4°. 

binary axis passes through 0(21) and Na. The potassium ion 
in II is octacoordinated. The polyhedron is a bicapped distorted 
octahedron. It is formed by,the oxygen atoms and the nitrogen 
of the thiocyanate anion. Here also, as in |Na+ c 2211, N(I), 
K, N(IO), and 0(21) are nearly coplanar. The values of all the 
angles of the coordination shell are given in Table III. The 
symmetry of the polyhedron is near Cs. 

In both I and II the ligand has the expected "in-in" con
formation with the electronic pairs on the nitrogen atoms 
pointing toward the metallic cation. But the ligand is less 
symmetrical than the coordination polyhedra of the cations 
(neither C^- nor C5). The observed M+-heteroatom distances 
show an important dispersion compared to what has been found 
for other cryptates7a_c (Table II). The average values for the 
M+-heteroatom bond distances are 2.91 (K+ -N) and 2.80 
A (K+-O) in II; 2.64 (Na + -N) and 2.48 A (Na+-O) in I. 
These values are thus fairly close to the sum of the appropriate 
radii in | K+ c 2211, whereas the agreement is less satisfactory 
in I Na+ c 2211. The calculated values, using the ionic radii 
of Pauling,15 revised by Ahrens16 and corrected for hepta- (I) 
and octacoordination (II) together with the standard packing 
radius of nitrogen (1.50 A) and oxygen (1.40 A) are 2.88 and 
2.78 A for K + -N and K+-O; 2.50 and 2.40 A for Na + -N and 
Na + -O . 

The N-N nonbonding distances are 4.944 (5) and 5.143 (4) 
A in I and II, respectively. These values together with the N - N 
nonbonding distance found in |Co2+ c 2211 (4.20 A)7k indi
cate that the ligand has large flexibility. It is able to adapt its 
conformation and internal cavity to cations of fairly different 
dimensions. 

The mean values of the bond lengths and angles in the ligand 
(see Tables II and III) are similar to those found in related Ii-
gands.7J The values are O-C 1.43, N-C 1.48, C-C 1.50 A; 
O-C-C 109, N-C-C 112 (I) and 114 (II), C-O-C 113, and 
C-N-C 111°. The O-O and N - O contacts in either I or II 
have standard values (see Table II). However, tensions are 
evident when considering the torsion angle values shown in 
Table IV. Some values correspond to configurations very dif
ferent from the staggered one, especially around the nitrogen 
atoms. The ligand adapts its cavity to the dimension of the 
complexed cation. A rotation around C(8)-C(9) achieves this 
goal when Na+ is replaced by K+. 

The structural data obtained for I and II allow an estimation 
of the cavity radius R of ligand 12211 in both compounds. The 
mean value of R is obtained from the following expression: 

R = Z (dM-o„ - 1-40) + E WM-N11. - 1-50) /(« + «') 

to 1.10 A in land 1.40 A in II. Thus, in II the fit between the 
cavity and the part of the cation located inside is better than 
that between the cavity and the whole cation in I. A better fit 
between the cavity and cation and the presence in II of a 
metal-anion or -water bond should lead to a higher value of 
the enthalpy of complexation (AH c) of ligand 12211 with K+ 

than with Na+, the other parameters being nearly constant. 
These results are consistent with the calorimetric data 

published recently; the enthalpic variations during the com
plexation process of Na+and K+with 12211 are equal to—5.35 
and -6.80 kcal mol-1, respectively.60 Thus the preference of 
ligand 12211 for Na+ over K+ is not due to cavity size effects 
but a favorable variation of the entropy of complexation. 

Similar effects have been observed in the cryptates of ligand 
12221 with K+ and Rb+. The flexibility of ligand 12221 enables 
an excellent fit between cavity and cation in case of K + (R = 
1.38 and calculated ionic radius r^+ = 1.38 A) and Rb+ (R = 
1.50 and /-Rb+ = 1.52 A). These results are again consistent 
with the calorimetric data: the variations of enthalpy in com
plexation of K+ and Rb+ with 12221 are almost identical, AH 
= - 11 .4kca lmor 1 i n |K + c222 | and-11.8 kcal/mor1 in 
J Rb+ c 2221.6c Thus, the selectivity of 12221 for K+ over Rb+ 

is again not due to cavity size effects, but to favorable entropy 
effects. 

In the sodium cryptate of |222| the mean cavity radius R 
equals 1.21 A, which is approximately 0.2 A longer than the 
radius of Na+. In this case the fit between cavity of ligand 
1222 J and Na+ is rather bad. This is again reflected by the 
calorimetric data: AHC = —7.4 kcal mol-1. Consequently, the 
preference of ligand |222| for K+over Na+is now due essen
tially to cavity size effects; the entropy term is not sufficiently 
important to reverse the selectivity pattern. 

The flexibility of the ligand plays an important role.17 The 
pyridinophane cryptands A and B have cavity radii similar to 
that of 12211, but are more rigid. The rigidity introduced by 
a pyridinophane group affects the sodium more than the po
tassium complexes. The two ligands cannot adapt sufficiently 
their cavity to the size of the sodium cation. The entropy terms 
involved in the formation of the sodium complexes are no 
longer large enough to compensate the unfavorable enthalpy 

where C/M-O„ and ^M-Nn- represent the values of the metal-
oxygen and metal-nitrogen distances, respectively. R is equal 
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variation. Effectively, the free energies of complexation, AG0, 
are equal to -6.24, -6.66, -7.15, and -6.51 kcal mol-1 in 
|Na+ c A|, |Na+ c B|, |K+ c A|, and |K+ c B|, respec
tively. 

In conclusion, the optimum dimension of the intramolecular 
cavity of ligand 12211 is smaller than that of ligand 12221; the 
latter lies between 1.40 and 1.50 A, that is, in between the ra
dius of K+ and Rb+, whereas the former has a value near to 
1.30 A, which is nearer the radius of K+ than that of Na+. 
Selection being due to a cummulative effect of enthalpy and 
entropy of complexation the three-dimensional structures show 
that an enthalpic preselection is made by the ligand and an 
important entropic effect makes the final selection. Cavity size 
and ligand flexibility are major factors of preselection and can 
be designed a priori. 

Supplementary Material Available: Listing of observed and calcu
lated structural factors (XlO) and positional atomic and anisotropic 
thermal parameters (18 pages). Ordering information is given on any 
current masthead page. 
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Abstract: The reaction of molecular oxygen at -78 0C in toluene with a series of para-substituted mwo-tetraphenylporphina-
tomanganese(II) complexes, Mn"(T(p-X)PP)(L), containing an axial ligand, L, is described. Spectrophotometric titrations 
of toluene solutions of these complexes at -78 0C with molecular oxygen confirm the stoichiometry of the porphyrinatoman-
ganese dioxygen complexes as Mn(T(Z)-X)PP)(O2). Equilibrium constants for the reaction Mn"(T(p-X)PP)(L) + O2 — 
Mn(T(P-X)PP)(O2) + L were determined for the series where X = Cl, F, H, CH3. and OCH3 and L = pyridine. Log K (-78 
0C, toluene) for the replacement of pyridine by O2 ranged from -5.75 for Mn"(T(/>-OCH3)PP)(py) to -6.53 for Mn"(T(p-
Cl)PP)(py). (An error of ±0.1 is estimated for the log K values; K has units of mol/L-Torr.) Fitting the observed values for 
the equilibrium constants to the Hammett equation (-log K vs. 4<i) gives a Hammett p value of -0.41 ± 0.08. The effect of 
substituting the phenyl groups of the tetraphenylporphinatomanganese complex on the binding of molecular oxygen is dis
cussed. Equilibrium constants for the replacement of L by O2 at -78 0C in toluene for Mn"(TPP)(L), where L is a nitrogen, 
phosphorus, or sulfur donor ligand, are reported. Equilibrium constants (/CL) for the reaction Mn"(TPP) + 4-cyanopyridine 
^ Mn"(TPP)(4-cyanopyridine) were determined in toluene at 40.0, 23.0, and 0.0 °C. At 23.0 0C, the equilibrium constants 
for 4-cyanopyridine addition was determined as log KL = 3.58. A value for i\H of -10.7 ± 0. kcal/mol for the reaction was 
calculated. Extrapolation of these data to —78 0C permits an estimate for the equilibrium constant at —78 0C for the oxygen
ation of four-coordinate Mn"(TPP) as KQ2 ~ 102' Torr-1. 

Introduction 

Until recently, the only synthetic metal complexes of bio
logical interest that had been observed to reversibly bind mo
lecular oxygen were those containing Fe(II) or Co(II) centers.' 

Recently, meso-tetraphenylporphinatomanganese(II) com
plexes of the form Mn"(TPP)(L),2 where L represents a 
coordinating ligand, have been shown to act as reversible 
oxygen carriers in toluene solution at —78 °C.3 
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