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The structure of tetramethylammonium tetrachloroferrate(II), [(CH3)4N]2[FeC14] has been determined from three-dimensional 
X-ray data collected by counter techniques. The material crystallizes in the orthorhombic space group D2h16-Pnma with 
a = 12.312 (2) A, h = 9.033 (2) A, c = 15.580 (3) A, Z = 4, pmeasd = 1.32 (1) g/cm3, and pcalcd = 1.326 g/cm3. The 
structure has been refined by a full-matrix least-squares procedure to a conventional R index (on E') of 0.053 for 1149 
observations having Fo* > 34F02).  The iron atom has a crystallographically imposed mirror plane and has a slightly distorted 
tetrahedral geometry. The Fe(I1)-C1 bond distances are 2.2902 (23), 2.2958 (16), and 2.2891 (23) A and average 2.292 
(2) A. Previous studies have shown that in the FeCL- anion Fe(II1)-CI bond distances average 2.185 A. The FeC142-~ 
anion (high-spin Fe(I1)) thus has bond lengths 0.11 A longer than those found in the F e C k  anion (high-spin Fe(II1)). 
This expansion of the coordination sphere upon reduction is larger than is found in octahedral complexes. Similar changes 
in bond lengths are to be expected in some of the iron-sulfur proteins. 

Introduction 
Chemical, spectroscopic, and structural studies of iron-sulfur 

proteins have revealed that most of these complex species 
contain iron coordinated in a tetrahedral manner to four sulfur 
ligands.1 Depending upon the state of the protein the iron can 
be in either the Fe(I1) or  the Fe(II1) state. Since certain 
individual proteins are known to contain Fe(I1) in their reduced 
state and Fe(1II) in their oxidized state,2 a detailed under- 
standing of the stereochemical differences between Fe(l1) and 
Fe(1II) tetrahedral complexes would be useful. 

For such a study we have chosen the high-spin FeC142- and 
F e C k  anions. The F e C k  anion, Fe(III), has been well- 
characterized structurally,3-6 the most precise structure de- 
termination being that of Kistenmacher and Stucky.6 The 
previous structure determinations of the Fe(I1) anion, FeC142-, 
are  complicated by intermolecular interactions.7-9 Thus in 
the structure of the charge-transfer complex bis(3,5-di- 
methyl-l,2-dithiolylium) tetrachloroferrate(II), (CjHjS2)- 
FeC14, close interactions are found between each chlorine atom 
of the anion and the sulfur atoms of the cations.7.8 The 
structure of an  iron-antimony cluster complex9 {[Fe($- 
C5PI5)(CQ)2]3SbCl2I[Feel4].CH2C12 contains a close in- 
teraction between Fe@142- and the solvent molecule, CH2C12, 
which is ascribed to hydrogen bonding. This interaction is said 
to cause two of the Fe-Cl bond lengths to be significantly 
longer than the remaining two. 

Here we report the structure of the tetramethylammonium 
salt of the tetrachloroferrate(I1) anion. This salt crystallizes 
isomorphously with the analogous nickel(II), cobalt(II), and 
zinc(I1) salts which have been shown'0.11 to contain no close 
intermolecular interactions. 
~~~~~~~e~~~~ Section 

Crystals of [N(CH3)4]2[ FeCh] were prepared under dinitrogen 
by slow cooling of a hot aqueous solution of stoichiometric amounts 
of [N(CH3)4]C1 and FeCb6H20 .  Crystals selected for X-ray work 
were sealed in nitrogen-filled glass capillaries. Preliminary film work 
indicated that the crystals were probably isomorphous with the 
analogous cobalt(II), nickel(I1): and zinc(I1) salts.11 Possible space 
groups are Pn2ia or Pnma. The density determined by flotation 
methods was 1.32 (I) g/cm3 and the value calculated for Z = 4 is 
1.326 g/crn3. The crystal selected for data collection was a prism 
with the approximate dimensions 0.48 X 0.41 X 0.22 mm. The crystal 
was mounted on a Picker four-circle diffractometer and the lattice 
parameters were obtained as previously described.12 Careful hand 
centering of 16 reflections with IMO Kcvi radiation (A 0.70930 A) in 
the range 24' < 28 < 27' yielded the cell parameters n = 12.312 
(2) A. b = 9.033 (2) A, and c = 15.580 (3) A. Data were collected 

in shells of 28 by the 8-29 scan method using Mo I<a radiation. The 
scan range was from 1' below the Mo M a l  peak to 1' above the M o  
Kaz peak and the rate of scan was I0/min. The takeoff angle was 
3.3' and the counter was positioned 31 cm from the crystal with an 
aperture 3.5 mm high by 5.0 mm wide. Data were collected in the 
range 3' 5 28 5 55" with backgrounds of 10 sec for 20 5 35" and 
of 20 sec for 28 2 35'. The intensities of 4 standard reffections, which 
were monitored every 100 reflections, showed only statistical variations. 
Data collection was terminated at 55' owing to a lack of a significant 
number of reflections above background. 

The data were processed in the usual manner'2,13 using a value 
of 0.04 for p .  The data were corrected for absorption. the tranairiission 
coefficients ranging from 0.68 to 0.73 (1 = 14.7 cm-I). Data with 
h ,  k, 12 0 were collected at all angles and in addition reflections for 
which h ,  k ,  1 < 0 were collected in the range 3 O  5 20 5 25O. The 
resulting 280 Friedel pairs were compared and found to deviate an 
average of only 0.7% from their average values. This is a good 
indication that the correct space group is the centric onc, DzhlG-Pnnza. 
With four molecules in Pnrna both the anion and cations have a 
crystallographically imposed mirror plane by analogy with the 
structures of the related Ni(ll), Co(IT), and Zn(1I) salts.lO." The 
averaged data were combined with the high-angle data to yield 1 149 
unique reflections with P > 3 v ( P ) .  These were used in  subscquent 
refinements. 

The structure was refined by full-matrix least..squares techniques. 
The quantity minimized is Cw(lE'd - lFc1)2, where and (FCl are 
the observed and calculated structure amplitudes and where the 
weights w are taken as 4F02/u2(F~2). The agrecment indiccs are 
defined as R = CIIFO~ - ~ F c ~ ~ / ~ ~ F ' o ~  and RN = (Cw(jFOl -- lFc / )2 /  
CwFo*)liz, Values of the atomic scattering factors and the anomalous 
terms were taken from the usual sources.14 

Initial refinement,l3 which was bcgun using isotropic temperature 
factors and positional parameters reported for the zinc(11) isoniorph,lo 
led to values of R and RIV of 0.196 and 0.261. Anisotropic thermal 
parameters were then introduced and R and Rw were reduced to 0.066 
and 0.097, respectively. At this point a differcnce Fourier map  was 
calculated. The hydrogen atoms of four of the six independent methyl 
groups could be found. As expected, each of the hydrogen atoms vias 
staggered with respect to those on the other three methyl groups. 
These hydrogen atoms were idealized and ideal positions were cal- 
culated for the remaining hydrogen atoms not found assuming a 
staggered configuration (C-H = 1.0 A, i ' s  = 109.5", B ( H )  = B(C) 
+ 1.0 A*) and added as fixed contributions to final refinements. 
Refinement was terminated with R and R.,, of 0.053 and 0.069 since 
i n  the final cycle the parameter shifts were less than 0 . 2 ~ .  

An analysis of IF01 and JFcl as a function of setting angles, IRI. 
and Miller indices showed no unusual trends. The standard deviation 
of an observation of unit weight is 2.42 electrons based on the 69 
variables and 1149 observations. A structure factor calculation for 
the 640 reflections having F02 < 3u(Fo2). which were omittcd from 
the refinement, showed only six reflections having IF02 -- F c ~ )  > 
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Figure 1. Stereoscopic view of the unit cell of [N(CH,),], [FeCl,]. The x axis is horizontal, t h e y  axis points out of the paper, and the z axis 
is vertical. The shapes of the atoms in this and the following drawing represent 50% probability contours of thermal motion. The Fe atoms 
have been darkened and the H atoms omitted for the sake of clarity. 

Table 11. Positional and Thermal Parameters for the Atoms of [(CH,),N], [FeCl,] 

Z Y - P11 P Z Z  P 3 3  P i a  P I 3  P 2 3  
Atom Xa 

Fe 0.24446 (8) 1 / 4  

Cl(1) 0.05848 (17) ‘ 1 4  

Cl(2) 0.30435 (17) 0.04063 (20) 0.33823 (13) 14.63 (17) 22.9 (3) 12.67 (14) 4.48 (19) 1.02 (12) -6.30 (17) 
Cl(3) 0.31572 (25) 1/4 0.54276 (14) 15.87 (28) 53.4 (8) 5.10 (11) 0 

0.40706 (6) 6.81 (7) r14.98 (14) 4.64 (5) 0 0.09 (5) 0 
0.40429 (17) 6.84 (15) 30.4 ( 5 )  11.51 (17) 0 0.45 (13) 0 

-2.44 (14) 0 
N(1) 0.1481 ( 5 )  1/4 0.0954 (4) 7.6 (4) 16.3 (9) 5.9 (3) 0 0.2 (3) 0 
N(2) 0.4932 ( 5 )  0.8257 (4) 8.0 (4) 14.4 (8) 5.39 (28) 0 -0.8 (3) 0 
C(1) 0.2638 (8) ‘ 1 4  0.1020 (9) 8.5 (9) 68 (5) 13.9 (10) 0 -0.5 (8) 0 
C(2) 0.1118 (12) 1 / 4  0.0080 (8) 19.6 (15) 89 (6) 7.4 (6) 0 -4.6 (8) 0 

C(4) 0.4462 (15) ‘14 0.7409 (8) 35.3 (23) 34.8 (25) 10.4 (8) 0 -12.2(11) 0 
C(3) 0.1079 (11) 0.3722 (17) 0.1383 (10) 24.7 (14) 67 (4) 32.6 (15) 17.0 (18) -5.6 (12) -31.3 (20) 

-0.4 (13) 0 C(5) 0.4163 (12) 1/4 0.8882 (13) 15.4 (13) 143 (13) 17.7 (15) 0 
C(6) 0.5522 (15) 0.3702 (16) 0.8422 (7) 65 (4) 75 (4) 17.6 (9) -57 (3) -17.5 (15) 21.2 (16) 

a Estimated standard deviations in the least significant figure(s) are given in parentheses in this and all subsequent tables. The form of 
the anisotropic thermal ellipsoid is exp[-pllha + p z a k Z  + p 3 , 1 a  + 2p,,hk + 2pi,hl + 2pa,k1)]. The quantities given in the table are the 
thermal coefficients X lo3.  

Table 111. Calculated Hydrogen Atom Parameters for 
[(CH3),N], [FeC141 

Atom X 

C1 H1 0.288 
C1H2 0.292 
C1H3 0.292 
C2H1 0.139 
C2H2 0.139 
C2H3 0.030 
C3H1 0.140 
C3H2 0.144 
C3H3 0.032 
C4H1 0.496 
C4H2 0.394 
C4H3 0.394 
C5H1 0.361 
C5H2 0.433 
C5 H3 0.361 
C6H1 0.509 
C6H2 0.590 
C6H3 0.616 

Y 
0.250 
0.160 
0.340 
0.160 
0.340 
0.250 
0.392 
0.476 
0.391 
0.2.50 
0.160 
0.340 
0.160 
0.250 
0.340 
0.472 
0.375 
0.392 

-- Z B ,  A2 

0.159 6.2 
0.068 6.4 
0.068 6.5 

-0.025 6.5 
-0.025 6.5 

0.003 6.8 
0.208 7.2 
0.122 7.3 
0.148 7.4 
0.695 5.8 
0.735 6 .O 
0.735 6.8 
0.871 6.0 
0.941 5.9 
0.871 6.0 
0.841 7.3 
0.901 7.0 
0.799 7.2 

3u(F02). These 640 reflections were omitted from Table I where the 
values of l0lFol and 1OJFcl  are given (supplementary material). The 
final atomic parameters and their errors are listed in Table I1 and 
the calculated parameters for the methyl hydrogen atoms are listed 
in Table 111. 

Description of Structure 
The structure of [N(CH3)4] 2[FeC14] is isomorphous with 

the cobalt(II), nickel(II), and zinc(I1) salts previously studied.]’ 
The molecules pack in the unit cell as shown in Figure 1. Each 
of the three independent ions lies on a mirror plane and deviates 
slightly from ideal tetrahedral geometry. The intramolecular 
bond distances and angles for the three ions are listed in Table 
IV. Other than normal H-H interactions, the closest in- 
tramolecular distance is 2.71 A between Cl(2) and C6H3. 

Some of the atoms in this structure have very large thermal 
parameters as can be seen by examination of Table V which 
lists the root-mean-square amplitudes of vibration for each of 

Table IV. Selected Bond Distances (A) and Angles (deg) for 
[N(CH,),Ia [FeC141 

Fe-Cl(1) 2.2902 (23) Cl(l)-Fe-C1(2) 108.20 (7) 
FeCl (2 )  2.2958 (16) Cl(l)-Fe-C1(3) 113.63 (11) 
Fe-Cl(3) 2.2891 (23) C1(2)-Fe-C1(2)la 110.94 (12) 

C1(2)-Fe-C1(3) 107.96 (7) 
N( l ) -C( l )  1.43 (1) C(l)-N(l)-C(2) 112.3 (9) 
N(l)-C(2) 1.43 (1) C(l)-N(l)-C(3) 108.8 (8) 
N(l)-C(3) 1.38 (1) C(2)-N(l)-C(3) 110.4 (8) 

N(2)-C(4) 1.44 (1) C(4)-N(2)-C(5) 112.1 (4) 
N(2)-C(5) 1.36 (2) C(4)-N(2)-C(6) 113.3 (6) 
N(2)-C(6) 1.33 (1) C(5)-N(2)-C(6) 104.1 (9) 

C(3)-N(l)-C(3)’ 106.0 (17) 

C(6)-N(2)<(6)’ 109.2 (17) 
a Primed atoms are related to  the corresponding unprimed atoms 

by a mirror plane. 

Table V. Root-Mean-Square Amplitudes of Vibration (A) 

Atom Min Intermed Max 

Fe 0.228 (1) 0.239 (1) 0.249 (1) 
cui) 0.229 (3) 3.9a 0.354 (3) 9o.oa 0.377 (3j 86.ia 
CU2) 0.240 (2) 7.8 0.354 (2) 97.6 0.424 (2) 88.2 
CK3) 0.233 (3) 3.2 0.361 (3) 86.8 0.470 (4) 90.0 
N(1) 0.241 (7) 0.259 (7) 0.271 (7) 
C(1) 0.25 (1) 1.6 0.41 (2) 88.4 0.53 (2) 90.0 
C(2) 0.26 (1) 10.2 0.42 (2) 79.8 0.61 (2) 90.0 
C(3) 0.29 (1) 6.2 0.43 (1) 84.0 0.77 (2) 88.4 
N(2) 0.236 (7) 0.244 (7) 0.269 (7) 
C(4) 0.25 (1) 5.7 0.38 (1) 90.0 0.58 (2) 95.7 
C(5) 0.34 (1) 8.2 0.47 (2) 81.7 0.76 (3) 90.0 
C(6) 0.25 (1) 25.1 0.37 (1) 76.1 0.91 (2) 82.8 
a Angles in degrees between the given axis of vibration and the 

respective Fe-C1 or N-C bond. See text. 

the nonhydrogen atoms. Also listed are the angles between 
the principal axes of vibration of a given C1 or C atom and 
the corresponding Fe-Cl or N-C bond. The shortest axis of 
vibration is generally nearly parallel to the bond while the two 
longer axes are roughly perpendicular to the bond. This effect 
of large thermal motion directed in such a manner was also 
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Table VI. Bond Distances and Angles Found for FeC1,2' and FeC1,- Anions 

Joseph W. Lauher and James A. Ibers 

----_I_______ 

Salt FeC1, A C1-Fe-CI. den Ref 

Fe(I1) 
[C,H,S,l, [FeC1,1 [2Ia 2.289 (5) [ I ]  112 7 

[2]  2.335 (5) [ l ]  116 
(av) 2.313 (4)b [Z] 106 

[2]  108 
[C,H,S,I, P e G 1  [ 2 j  2.31 (1) [ l ]  112 8 

[2]  2.34 (1) [1] 116 
(av) 2.33 (2) [ 2 ]  106 

[21 108 
{[Fe(rz-C, H,)(C0),]SbC1,}[FeCl4] [2]  2.284 (5) 111 104.2 (3) 9 

[2]  2.320 (5) [ l ]  108.5 (2) 
(av) 2.302 (18) [ 2 ]  107.2(2)  

121 115.0 (2) 

[ l ]  2.290 (2) [ l ]  110.9 (1) 
[ l ]  2.289 (2) [2]  108.2 (1) 
(av) 2.292 (2) [2]  108.0 (1) 

[N(CH d4I2 [ FeC1,I [2] 2.296 (2) [ l ]  113.6 (1) This work 

Fe(1II) 
[4]  2.19 (3) 

[4]  2.162 (5) 

[ l ]  2.180 (10) 
[ l ]  2.184 (8) 
[ l ]  2.200 (8) 
[ l ]  2.218 (8) 
(av) 2.196 (9) 

[2]  2.1819 (10) 
[ l ]  2.1873 (15) 
[ l ]  2.1869 (14) 
(av) 2.1854 (17) 

114.5 (15) 
10'7.0 (15) 
112.7. (3) 
108.1 (3) 
108.0 (11) 
111.6 ( 5 )  
112.7 ( 5 )  
110.8 (4) 
108.8 (4) 
104.9 (4) 
108.98 (4) 6 
108.20 (4) 
108.53 (6) 
113.56 (6) 

a Number in brackets is the number of equivalent bonds having the given distance. Estimated standard deviation of average. 

seen for the isomorphous cobalt(II), nickel(II), and zinc(I1) 
salts11 and most likely results from large librational effects 
or possible rotational disorder of the tetrahedra. Because of 
this thermal motion the apparent C-N bond distances vary 
over a large range (Table IV). The average uncorrected bond 
distance, 1.39 (3) A, is shorter than expected. Correction of 
these bond distances for librational effects leads to 1.58 A for 
the average C-N bond length, a value longer than expected. 

The FeC142- anion fortunately has much smaller thermal 
parameters, so that precise bond distances may be obtained. 
The three unique bond distances listed in Table I11 are all 
within ~ C J  of the average value of 2.292 (2) A. Correction for 
librational motion leads to an average value of 2.33 A. The 
geometry of the FeC142- anion is that of a slightly flattened 
tetrahedron with bond angles ranging from a low of 108.20 
(7)' to a high of 113.62 (1 1)'. (See Figure 2.) The individual 
angles and the distortions of the tetrahedra are very similar 
for the Cocl4*-, yiC142-, and ZnCl42- anions in the isomorphic 
structures. Thus it seems likely that these angular deviations 
from the ideal tetrahedral geometry are the result of crystal 
packing forces and not a manifestation of the electronic 
structure of the anions. 
Discussion 

In a previous study15 a variety of octahedral metal complexes 
in the +2 and the +3 oxidation states were examined. It was 
found that the differences in metal-ligand bond distances 
between complexes of the two different oxidation states result 
from two main factors. The first is the electrostatic charge 
on the central metal atom. The second is the electronic 
configuration and spin state of the metal atom. If the spin 
state is the same, an octahedral complex in the +2 oxidation 
state will have metal-ligand lengths which are about 0.04 A 
longer than those found in the corresponding complex in the 
+3 oxidation state. The low-spin Ru(NH3)$+ cation has a 
Ru-N bond distance of 2.144 (4) A, which is 0.040 (6) A 

Figure 2. The FeC1,'- anion. The anion has a crystallographically 
imposed mirror plane. 

longer than the distance of 2.104 (4) found for the low-spin 
R~("3)6~+ cation.'? A spin change will cause greater 
differences, as shown by 3tudiesl6 of the high- and low-spin 
forms of Fe(bipy)z(N@S)z (bipy = 2,2'-bipyridine). The 
low-spin form has a Fe-N bond length o f  2.02 A, which 
lengthens by 0.12 when the complex is converted to its 
high-spin form. For the cobalt-hexaammine complexes the 
additive effects of both factors are seen.17 The C o ( N H 3 ) P  
ion is high spin with a Co--N bond length of 2.114 (9) 88,0.178 
(17) A longer than the Co(KH;)$+ bond length of 1.934 (15) 

Since the present tetrahedral complexes are high spin, the 
changes in Fe-CI distances result solely from charge differ- 
ences. Table VI lists the results of several structure deter- 
minations of the FeCL- and FeC142- anions. For the Fe(II1) 
anion the average Fe-CI bond length found is 2.185 A in the 
most precise of the structures,6 [PCL] [FeCh].  If all Fe(l1I) 
structures?-6 are averaged, a value of 2.19 A is found. The 
Fe(1I) anion reported here has an average Fe-C1 bond length 
of 2.292 (2) A. Hence, there is about a 0.1 1-A increase in 
bond distance upon addition of an electron to the F e @ k  anion. 

A. 
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Corrections to bond distances because of thermal motion 
can be large, but if the corrections are applied to both the 
Fe(I1) and the Fe(II1) anions, the differences remain about 
the same. For [PCh] [FeCh] the corrected values for Fe-Cl 
bond lengths average 2.20 A, while for FeC142- the average 
is 2.33 (1) A, which leads to a difference of 0.13 A. 

The difference in tetrahedral bond lengths of Fe(II1) and 
Fe(I1) complexes of about 0.11 A is considerably larger than 
the 0.04-A difference found for octahedral complexes.15 This 
larger difference is consistent with simple electrostatic ar- 
guments. Tetrahedral bond lengths are shorter than octahedral 
bond lengths18 and the effect of increased charge should thus 
be greater. In addition in octahedral complexes the cis ligands 
are relatively close and can both shield the charge on the metal 
and cause repulsive interactions between the ligands. The effect 
of increased charge on the central metal atom is also seen by 
comparing FeC14- (Fe-C1 = 2.19 (1) A) with the isoelectronic 
MnC142- anion19 (Mn-Cl = 2.324 A) in [N(CH3)4]2[MnC14]. 

All of the Fe tetrahedra considered have angular distortions 
from the ideal tetrahedral geometry. The largest angular 
deviations occur in the structures that have intermolecular 
interactions.7-9 The remaining tetrahedra have smaller de- 
viations which are perhaps mainly the result of packing forces. 

The simplest of the iron-sulfur proteins are the 1-FeS4 
proteins which contain one iron atom coordinated to four 
cysteine sulfur atoms.’ In an elegant study20 Watenpaugh, 
et al., have refined the structure of one such protein, the 
oxidized form of rubredoxin from Clostridium pasteurianum. 
They found an iron atom coordinated in a tetrahedral manner 
to four cysteine sulfur atoms. According to magnetic 
measurements2 the iron is in the +3 oxidation state and is high 
spin. The four independent Fe-S bond distances 2.34 (2), 2.32 
(3), 2.24 (3), and 2.05 (3) A average 2.24 (6) A. The S-Fe-S 
angles range from a low of 101’ to a high of 115’. 

The reduced form of the protein contains tetrahedral 
high-spin Fe(II).2 One would thus expect an expansion of the 
FeS4 core upon reduction. The Fe-S bond lengths should 
increase in length by about 0.1 1 A. Since the bond lengths 
found for the oxidized form do cover a large range, it is difficult 
to predict actual bond lengths for the reduced form. If the 
average value of 2.24 (6) 8, for Fe(II1)-S bond lengths in the 
protein is a good representation of the range of values, the 
reduced protein would be expected to have Fe(I1)-S bond 
lengths which average 2.36 A. Such an expansion could well 
lead to significant changes in the conformation of the protein. 
I t  is interesting to note that for bis(imidotetramethyldithi0- 
diphosphine-S,S)iron(II), a tetrahedral high-spin Fe(I1) 
complex with sulfur ligands, an average value of 2.360 (8) 8, 
is found.21 

Many iron-sulfur proteins are of the 2-FeS*zS4 type. On 
the basis of a variety of experiments on the proteins and on 
inorganic analogs,22 these proteins are believed to contain a 
cluster of two iron atoms bridged by two inorganic sulfur 
ligands as well as two cysteine sulfur ligands bound to each 
iron. Both iron atoms are in tetrahedral environments. The 
exact electronic states of the protein are not known, but it has 
been theorized that the oxidized protein contains two Fe(II1) 
atoms, while the reduced form has one Fe(II1) and one Fe(I1) 
atom in localized electronic environments.23 All species are 
high spin, but antiferromagnetic coupling reduces the observed 
spin. 

Although no structural studies of such proteins have been 
reported, the prediction can be made that the oxidized form 
will have a symmetrical cluster, whereas the reduced form, 
if it truly has a localized electronic structure, will have an 
unsymmetrical structure with the Fe(I1) atom having longer 
bond lengths than the Fe(II1) atom. 

The third major type of iron-sulfur proteins are the 4- 
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FeS*4S4 pr0teins.1~24 These contain a cluster of four iron atoms 
and four inorganic sulfur ligands in a cubane arrangement with 
each sulfur bridging three iron atoms. Each iron also has one 
terminal cysteine ligand making its environment a distorted 
tetrahedron of sulfur ligands. These clusters have delocalized 
electronic structures.24 They undergo one electron reduction 
which may cause some expansion of the cluster. The geometric 
consequences of reduction would be small since the effects are 
spread out over all four iron atoms. 

In summary we have shown that the FeC142- anion, high-spin 
Fe(II), has bond lengths 0.1 1 8, longer than those found in 
the FeC14- anion, high-spin Fe(II1). This expansion of the 
coordination sphere upon reduction is larger than is found in 
octahedral complexes. Similar changes in bond lengths are 
to be expected in some of the iron-sulfur proteins. 

Acknowledgment. We wish to thank Professor R. H .  Holm 
for his helpful comments and suggestions. This research was 
sponsored by the National Science Foundation through the 
Northwestern University Materials Research Center. 

Registry No. [N(CH3)4]2[ FeC141, 14874-07-8. 

Supplementary Material Available. A listing of structure am- 
plitudes, Table I, will appear following these pages in the microfilm 
edition of this volume of the journal. Photocopies of the supplementary 
material from this paper only or microfiche (105 X 148 mm, 24X 
reduction, negatives) containing all of the supplementary material 
for the papers in this issue may be obtained from the Journals 
Department, American Chemical Society, 1155 16th St., N.W. ,  
Washington, D. C. 20036. Remit check or money order for $3.00 
for photocopy or $2.00 for microfiche, referring to code number 
AIC40485E. 

References and Notes 
For a review on this subject see W. H.  Orme-Johnson in “Inorganic 
Biochemistry,” Vol. 11, G.  L. Eichhorn, Ed., Elsevier, Amsterdam, 1973, 
Chapter 23. 
W. D. Phillips, M. Poe, J. F. Weeher, and C. C. McDonald, h‘ature 
(London), 227, 574 (1970). 
B. Zaslow and R. E. Rundle, J .  Phys. Chem., 61, 490 (1957). 
M. J. Bennett, F. A. Cotton, and P. L. Weaver, Acta Crystallogr., 23, 
581 (1967). 
R. R. Richards and N.  W. Gregory, J .  Phys. Chem., 69, 239 (1965). 
T. J .  Kistenmacher and G. D. Stucky, Inorg. Chem., 7, 2150 (1968). 
R. Mason, E. D. McKensie, G. B. Robertson, and G. A. Rusholme, 
Chem. Commun., 1673 (1968). 
H. C. Freeman, G. H. W. Milburn, C. E. Nockholds, P. Hemmich, and 
K. H. Knauer, Chem. Commun., 5 5  (1969). 
Trinh-Toan and L. F. Dahl, J .  Amer. Chem. Sor.. 93, 2654 (1971). 
B. Morosin and E. C. Lingafelter, Acta Crystallogr., 12, 61 1 (1959). 
J. R. Wiesner, R. C. Srivastava, C. H. L. Kennard, M, DiVaira, and 
E. C. Lingafelter, Acta Crystallogr., 23, 565 (1967). 
P. W. R. Corfield, R. J. Doedens, and J. A. Ibers, Inorg. Chem., 6, 197 
(1967); R. J. Doedens and J. A. Ibers, ibid., 6, 204 (1967). 
In addition to various local programs for the CDC 6400 computer, 
modified versions of the following programs were employed: Zalkin’s 
FORDAP Fourier summation program, Busing and Levy’s ORFFE error 
function program, Johnson’s ORTEP thermal ellipsoid plotting program, 
and Dunitz and White’s program TMA for Schomaker-Trueblood 
rigid-body analysis. Our full-matrix least-squares program NUCIS, in  
its nongroup form, closely resembles the Busing-Levy ORFLS program. 
Our absorption program is AGNOST. 
D. T. Cromer and J.  T. Waber, “International Tables for X-Ray 
Crystallography,” Vol. IV, Kynoch Press, Birmingham, England, 1974, 
Table 22A; D. T. Cromer and D. Liberman, J .  Chem. Phys., 53, 1891 
(1970). 
H. C. Stynes and J. A. Ibers, Inorg. Chem., 10, 2304 (1971). 
E. Konig and K. J. Watson, Chem. Phys. Lett., 6, 457 (1970). 
T. Barnet, B. M. Craven, H. C. Freeman, N.  E. Kime, and J .  A. Ibers, 
Chem. Commun., 307 (1966); N. E. Kime and J. A. Ibers, Acta 
Crystallogr., Sect. E,  25, 168 (1969). 
In the salt [FeCh(DMS0)4] [FeCh] the octahedral Fe(II1)-CI bond 
length is 2.366 (3) A, while the tetrahedral Fe(II1)-Cl bond length is 
2.162 ( 5 )  A. See ref 4. 
Private communication from B. Morosin, quoted in ref 1 1. 
K. D. Watenpaugh, L. C. Sieker, J. R. Herriott, and L. H. Jensen, Acta 
Crystallogr., Sect E, 29, 943 (1973). 
M. R. Churchill and J. Wormald, Inorg. Chem., 10, 1778 (1971). 
W. R. Dunham, G. Palmer, R. H. Sands, and A.  J .  Burden, Biochim. 
Biophys. Acta., 253,373 (1971); K .  Mukai, T. Kimura, J. Helbert, and 
L. Kevan, ibid., 295,49 (1973); J. J. Mayerle, R. B. Frankel, R. H. Holm, 



352 

(23) 

Inorganic Chemistry, Val. 14, No. 2, 1975 Arthur P. Gaughan, Jr.,  and James A. lbers 

J. A. Ibers, W. D. Phillips, and J. F. Werhers, Proc. Nut. Acad. Sci. 
U. S. .  70. 2429 (1973). 

(24) C. W.  Carter, Jr., S. T. Freer, H. Ng, R. A. Alden. and J .  Kraut, Cold 
Snrine Harbor Svmn. Ouant. B i d . .  36. 381 (19711: T. l~lernkoviti.. R. ~ ~ , j c  ,. ~ - ~ -  - 

W. A: Eaton, G. Palmer, J. A. Fee, T. Kimura, and W. Lovenberg, Proc. 
Nat.  Acad. Sci. U. S., 68, 3015 (1971). 

i< Av&ill, R. H. Holm, .I. A. Ibers: W: D. Phillips, and .J. F. Weiher, 
Proc. ?Jut. Acad. Sci. U .  S., 69. 2437 (1972). 

Contribution from the Department of Chemistry, 
Uorthwestern University, Evanston, Illinois 6020 1 

Coordination of the Aryldiazo Ligand to Transition 
Chloro( bis( 3-~~pheny~phosphinop~opyl)phenyl~hosph~n 
Hexafluorophosphate Methylene Chloride Solvate, 
[Rh(C6H5P( (CH2)3P(C6]H5)2)2)CI(N2C6P1(5)1 [PF6]*C 
A R T H U R  P. GAUGHAN,  J r .  and JAMES A. IBERS* 

Received August 15, 1974 AIC405790 

The structure of [RhLCI(N2CsHs)] [PFs] where L = the tridentate phosphine ligand CsHsP((CT-Iz)?P(CsMs)2)2 has been 
determined from three-dimensioLial X-ray counter data collected on a single crystal of the CHzCl2 solvate. The material 
crystallizes in space group Cil-PI of the triclinic system with two formula units of the complex and two solvent molecules 
in a cell of dimensions a = 12.675 (7) A, b = 13.254 (7) A, c = 15.092 (10) A, cy = 94.78 (S)', 19 = 99.47 (5)O, y = 112.40 
(8)", and V = 2282.3 A3. The observed and calculated (2 = 2) densities are 1.50 (1) and 1.507 g/cm3, respectively. The 
structure has been refined (on F )  by a full-matrix least-squares procedure to a conventional agreement index of 0.057 for 
403 1 observations having F o ~  > 3u(F02). The structural results reveal an ionic complex consisting of [RhLCl(N2Ph)j+. 
cations (Ph = CsHs) and PF6- anions. The geometry of the cation is distorted tetragonal pyramidal with a basal plane 
consisting of the chloro ligand and the three P atoms of the tridentate phosphine. The apical coordination site is occupied 
by a doubly bent aryldiazo ligand and thus affords the first structural example of the aryldiazo analog of YO-, N2Ph--. 
The doubly bent geometry suggests formulation of the complex as the oxidative adduct of NzPhf to RhILCl yielding 
[ R h ~ ~ ~ L C I ( N z P h ) ] f .  Distances and angles of interest within the cation are as follows: Rh-P, 2.368 (3), 2.274 (3), 2.352 

Rh-N(1)-N(2), 125.1 ( 6 ) " ;  N(l)-N(2)-C(7),  118.9 (8)'. The structural results are compared with those for the 
corresponding N O  complex, [RhLCl(NO)]+, and with the parent complex, RhLCI. The implications of the nitrosyl--aryldiazo 
analogy are discussed. 

(3) A; Rh-CI, 2.403 (2) A; Rh-N(l)  (CU to Rh),  1.961 (7) A: N(l)--N(2) ,  1.172 (9) A; 5(2)-C(7)  (Ph), 1.445 (11) A; 

Introduction 
The coordination of aryldiazonium cations, ArN2+, to 

transition metals is a subject of current interest to inorganic 
chemists. The interest in these systems derives from their 
employment as model systems for the Nz-fixing enzyme 
nitrogenaselJ and because the aryldiazonium cation is formally 
isoelectronic with the nitrosonium cation, NO+. 

Recent structural results3 have demonstrated that nitric 
oxide, NO, can coordinate to a transition metal in a linear 
fashion formally as NO+, where it functions as a two-electron 
donor (Lewis base), or in a bent (ha-N-Q angle 120°, M = 
metal) arrangement formally as NO-, where it acts as a Lewis 
acid, accepting an electron pair from the metal center. The 
last mode of nitrosyl coordination was originally suggested by 
Owston, et al.,4 on the basis of an equivocal two-dimensional 
structure determination of nitrosylbis(dimethy1dithio- 
carbamatojcobalt. Later structural work by Hodgson, et al.,5 
firmly established the existence of the bent M-K-0 linkage. 
A number of semiempirical interpretations of the electronic 
structure underlying this experimentally verified duality of 
nitrosyl coordination have appeared.6-8 The two distinct modes 
of nitrosyl coordination have also led to the suggestion9Jo that 
NO may alternately act as an electron source (NO+) or sink 
(NO-), a possibility which has interesting catalytic implications. 
Indeed, transition metal nitrosyl complexes have been found 
to act as catalysts for reactions as diverse as hydrogenation,9 
diene dimerization,l 1 and isomerization.12 

The electronic similarity between ArN2+ and NO+ has 
prompted several authors to speculate that the coordinated 
aryldiazo group may exhibit a similar duality in bonding and 
function.13-15 The principal canonical forms contributing to 
the linear (ArN2+) and bent (ArN2-) forms of the coordinated 
aryldiazo group may be formulated, by analogy with NO+ and 
NO-, as I and 11. Only three structural reports of coordinated 
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aryldiazo groups have appeared and all involve a linear 
M-N-N arrangement with Tb clearly predominant.] 3 . l & i 7  
Recent work by Bowden, et al.,lg has led these authors to 
suggest that in the complex [Ru(bil?yjl.(NzAr')Cl] [pF6]z (bipy 
= 2,2'-bipyridine; Ar' = p-C6HKH3 or p-Cd-hOCH3) the 
coordinated aryldiazo group may be of the Ia form. In  
Ru(X)C13(P)2 (P  = PCH3(C6H5)2 or P(C6Hs)3; X = NO or 
pN2C6H4CH3) both the nitrosyl's and aryidiazol3 complexes 
have been characterized and, as expected, an angle of '.+ 180' 
is found at  the N atom bound to the rnetal in both cases. 

Recently the synthesis and characterization of a series of 
Rh(1) complexes of the tridentate chelating ligand CsH5- 
P((CH2)?P(CsHs)z)2? hereafter designated I,, have been 
reported,?O 

The parent complex, RhLCl, has been found to undergo 
facile addition reactions with a variety of Lewis acids, A (A 
= H+, NO+, NzCsHs+, CH3C(aJ,), yielding the five-coordinate 
cationic complexes [RhLCl-A] +.2* The structure determi- 
nation of the nitrosyl complex [KhLCl(KO)] [PF6]20 revealed 
a tetragonal-pyramidal cation with the nitrosyl group occupying 
the apical position of the coordination spherc. The Rh-N--0 
angle of 131" suggests that the complex may formally be 
viewed as one of Rh(II1) and NO--. The corresponding 
aryldiazo complex [RhL@I(NzC6Hs)]+ 20 is thus a prime 
candidate for X-ray structural investigation in order to establish 
that ArN2+ is capable of the same duality in bonding as is 
NO'. 

In order to provide verification of the aryldiazo analog of 




