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Synthesis and Structural Characterization of the 
( P ~ ~ P ) ~ [ C I ~ F ~ S ~ M S ~ F ~ C I Z ]  Complexes (M = Mo, W). 
First Example of a Doubly Bridging MoS4 Unit 
and Its Possible Relevance as a Structural Feature 
in the Nitrogenase Active Site 

Sir: 
In a preceding communication’ we reviewed the structural 

information available for the Mo site in nitrogenases. This 
information, obtained on the basis of Mo X-ray absorption fine 
structure (EXAFS) analyses, has led to the suggestion that a 
valid structural model for the Mo site of nitrogenase must in- 
volve two major features: a set of three or four M o  bound sulfur 
atoms at -2.36 f 0.02 A and a set of two (or three?) iron 
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A 
Figure 1. 

B 

atoms at a distance of 2.72 f 0.03 A from the Mo. Of the two 
distinct models, proposed for the nitrogenase Mo site2 (Figure 
I ) ,  A exists as a fragment in the recently synthesized and 
structurally characterized “double c ~ b a n e s ” . ~  In this com- 
munication we report on the synthesis and structural charac- 
terization of a heteronuclear Fe-Mo-Fe linear trimer and the 
tungsten analogue. The former, a t  least partly, resembles B’ 
(Figure 1 ). 

The reaction of the (Ph4P)2[(SPh)2FeS2MS2] complexes4 
( M  = Mo, W) with FeC13.6H20 in 1:2 molar ratio in di- 
methylformamide (DMF) results in the oxidation of the -SPh 
ligands to PhSSPh with the concomitant generation of Fe( 11) 
ions. From the DMF solutions, upon the addition of ether, 
crystalline, X-ray isomorphous (Ph4P)2[C12FeS2MSzFeCl2] 
complexes can be isolated [ M = Mo, brown crystals 67% yield 
(I) ;  M = W, orange-red crystals, 60% yield (II)]. Anal. Calcd 
for Fe2MoC14S4P2C48H40: C, 49.85; H, 3.49; P, 5.36; S, 11.09; 
C1, 12.26; Fe, 9.66. Found: C, 49.69; H, 3.42; P, 5.36; S, 10.94; 
CI, 11.60; Fe, 9.30. Anal. Calcd for F ~ ~ W C I ~ S ~ P ~ C ~ S H ~ O :  C, 
46.34; H, 3.24; S, 10.30; W, 14.77; CI, 11.39. Found: C, 46.23; 
H,  3.32; S, 10.35; W, 14.45; CI, 11.57. 

The ’’F Mossbauer spectrum of I at 4.2 K shows a single 
doublet with a quadrupole splitting (QS) of 1.99 (1) mm/s and 
an isomer shift (IS) of 0.58 (1) mm/s (relative to Fe metal a t  
298 K). These values, and particularly the isomer shift, are not 
very similar to those obtained’ for the [(SPh)2FeS2MS*]*- 
complexes (M = Mo, W). The IS in I, however, has a value 
close to that reported for the F e ( s C s H ~ ) 4 ~ -  complex’ (0.66 
mm/s) and for the FeS4 sites in  reduced rubredoxins6 (0.65 
mm/s). These observations suggest that the two iron atoms in 
I are in the +2 formal oxidation state. The magnetic moment 
for I (pEr = 6.635 (2) p~ at 300 K) is lower than that expected 
for two, noninteracting, high-spin (S = 2) Fe(I1) ions in I. A 
temperature-dependence study of the magnetic susceptibility, 
however, shows typical antiferromagnetic behavior. Similar 
magnetic properties are observed with I1 (pEF[r = 6.03 (2) 

Crystal and refinement data for the structure of I are shown 
in Table I. Intensity data were obtained on a Picker FACS I 
automatic diffractometer using a step-scan technique, 
employing graphite monochromatized Mo Ka radiation (A  = 
0.7107 A, 219, = 12.2O). The data were corrected for Lorentz 
and polarization effects and for absorption. The structure was 
solved by conventional Patterson and Fourier techniques and 
refined by full-matrix least-squares calculations. All atoms in 
the anion and the two phosphorus atoms were refined with 
anisotropic temperature factors. The carbon atoms i n  the 
cations were refined with isotropic temperature factors. The 
hydrogen atoms were included in the structure factor calcu- 
lation at their calculated positions (C-H = 0.95 A) but were 
not refined. Structural details for the complex anion are shown 
in Table 11. 

A nearly linear, Fe-Mo-Fe, array is found i n  the structure 
of the anion (Figure 2) in which the M o S ~ ~ -  unit bridges two 
terminal FeClz moieties. The MoS4 and Feci& fragments 
show distorted tetrahedral geometry around the metal atoms. 
The mean value’ for the two independent Fe-Mo distances 
[2.775 (6) 81 is slightly greater than the Fe-Modistances in 
[FeMoS9l2- (111) and [(SC6H5)2FeS2MoS2l2- (IV),  2.731 

P B ) .  
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Table 1. Crystal and Refinement Data for 
[ ( C ~ H S ) ~ P I  2[ Fe2MoS4C141 

cell dimensions, A, deg a = 10.197 (2) 
b = 13.054 (2) 
c = 20.164 (3) 
a = 100.46 (2) 

= 100.61 ( I )  
y = 100.92 ( I )  

v, A3 2524.4 

dcalcd, d c m 3  1.52 
dobsd' 1.50 (2) 
crystal dimensions, mm 
p ,  cm-' 12.74 
28,,,, deg 50 
unique reflections 8965 

5120 
parameters 310 
R l b  0.065 
R2C 0.08 1 

space group P i ,  z = 2 

0.055 X 0.08 X 0.017 

reflections used, F2 > 3c7(F2) 

' By flotation inaCCl4-pentanemixture. R I  = ZIAFI/ZIFol. 
R2 = [2,(AF)2/Z,IF,1'l1/'. 

- 0.06 - 0.04 - 0.02 

1733 

S i l l  

*El 
0.02 0.04 006 008 

Table 11. Selected Structural Parameters in the [ Fe2MoS4C14j2- 
Anion (1) 

~~~~ 

I bond lengths, avb values 

Fe - Fez 5.551 (2) 

2.775 (6) Mo-Fel 2.770 (2) 
Mo-Fez 2.781 (2) 
Mo-SI 2.203 (3) 
M o - S ~  2.198 (3) 
Mo-S3 2.205 (3) 

Fel-SI 2.291 (3) 
Fel-S2 2.297 (3) 
Fe2-S3 2.290 (3) 
Fe2-S.4 2.302 (3) 
Fel -CII 2.241 (3 )  

2.204 (5) 

Mo-S4 2.211 (3) 

2.295 (5) 

. .  
Fe1-Q 2.216 (3j 
Fez-CI3 2.218 (3) 
Fe7-CL 2.224 14) 

2.225 ( I O )  

~~ 

bond angles. deeb ranee 
~ ~ 

Fe-Mo-Fe 179.38 (7) 
S-Mo-S 109.5 (1.9) 106.6 (2)-111.5 (2) 
S-Fe-S 100.9 (2) 100.91 (15)-110.88 (15) 
S-Fe-CI 111.4 (2.9) 107.4 (2)-116.1 (2) 
CI-Fe-CI 110.2 (9) 109.4 (2)-111.1 (2) 
Mo-S-Fe 76.05 ( I )  76.05 (9)-76.06 (9) 

The numbering scheme follows the one shown in Figure 2. b Av- 
eragevalue, Z = [ZEl (x, - X ) 2 / ( N  - I)] where x, is the size of 
the angle and X is the mean value for the N equivalent bond an- 
gles. 

(3) and 2.750 (4) A, respectively. The Mo-S bond length in 
I, a t  2.204 ( 5 )  A, is shorter than the Mo-S "bridge" bonds of 
2.253 (9) and 2.246 (6) A found in the structures of 111 and IV, 
respectively. The mean value for the Fe-S bond lengths in I 
[2.295 ( 5 )  A], is longer than corresponding values of 2.244 (8) 
A in 111 and 2.243 (7) A in 1V. The Fe-CI bond length [Fe-CI 
= 2.225 (10) A] in I is shorter than values reported for the 
tetrahedral FeC142- anion,.2.302 (18)s and 2.292 (2) A,9 but 
still longer than values reported for the FeC14- anion, 2.185 
(2)" and 2.182 (1) It is however, similar (within 3a)  to 
the mean Fe-CI bond found in the dimeric [Fe2S2Cl4l2- anion 
(in which the formal oxidation state of iron is +3) at  2.251 (7) 
A.i2 The rather short Fe-CI bonds in I seem to represent an- 
other example of an anomaly which has been notedi2 in the 

Figure 2. Structure and labeling of the [(FeC12)2MoS4J2- anion. Thermal 
ellipsoids are drawn by ORTEP (C. K.  Johnson, ORNL-3794, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1965) represent the 50% prob- 
ability surfaces. 

t 0.06 

\ t o o 2  

- 0.06 ' 

-008 ' 

Figure 3. BridgingOvs .  t e r m  ( t )  Fe-L bonding in&fido Fe 
complexes: A, = [(Fe-X) - (Fe-X,) A; h e  = (Fe-X) - (Fe-Xb) A; A 
= [Fe2S2C14]2-, B = [(PhS)2FeS2MoS2I2-, C = [(S5)FeS2MoS2l2-, D 
= [Fe2S2(S2-o-xy1)2I2-, E = [Fe2S2(S-p-to1)4I2-, F = [Fe2S12I2-, G = 
[(C12Fe)SzMoS2FeC12] 2- 

structures of the ferredoxin active site analogues. Thus, th? 
terminal Fe-X bond lengths in the [Fe2S2X4I2- dimers [which 
formally contain Fe(III)] are longer than the terminal Fe-X 
bond lengths in the [Fe4S4X4I2- tetramers (in which thefor- 
mal  oxidation state of the Fe atoms is +2.5). A useful ordering 
of the homo- or h e t e x e t a l l i c  S-bridged dimers, and of I, is 
obtained when the Fe-X terminal and bridge distances are 
compared with the mean value of the Fe-X bonds in each of 
the FeX4 units (X = S or C u h e  differences (AB) of the 
Fe-X bridge distances from Fe-X were found positive for all 
dimers. By contrast, A d 1  is negative. A plot of AB vs. the 
difference (AT) of the Fe-X terminal distances from the mean 
was constructed for eight molecules: I, 111, IV, [FeWS9]2-.1 
[ F e 2 S 1 2 ] ~ - , ' ~  [ Fe2S2C14I2-,l2 [Fe&(S2-0-xy1)2]~-,'~ and 
[ F ~ ~ S ~ ( S - P - ~ O I ) ~ ] ~ - . ~ ~  The points were well separated on a 
straight line with the [Fe2S2X4I2- dimers showing large pos- 
itive values for A,, the [FeMoS2X4I2- dimers showing smaller 
but still positive values for AB and the FelMo trimer ( I ) ,  
showing a negatiue value for A,. By construction of this plot 
(Figure 3), we suggest that as the M-X bonds in the bridge 
lengthen the terminal bond lengths become shorter in  a n  ap- 
parent shift of the bonding strength in the FeXj units.I5 
Qualitatively, the same ordering for the eight moleciiles is 
obtained, when the 57Fe isomer shifts are considered. 

Evidence that the MoSd2- as a bridging unit in I is a weaker 
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Figure 4. The visible spectra o f  (Ph4P)2[(FeC12)2Mo&l2- in the same 
concentration ( 9  X M) i n  (A) CH2C12 and (B) DMF. 

ligand than as a terminal bidentate chelate in 111 or IV is found 
in the solution behavior of I. 

The visible spectrum of I varies with the polarity of the 
solvent, and spectra obtained in DMF [600 nm (sh), 522 (sh), 
472 ( E  5849), 432 (4070), 314 (12 250)] are different from 
those obtained in CH2C12 [600 nm ( E  580) ,  566 (sh), 475 
(9892), 398 (4369), 319 (13 870)] (Figure 4). Following the 
addition of 1 equiv of M o S ~ ~ - ,  the spectrum of I in CH2C12 
changes and becomes virtually identical with that obtained in 
DMF. Alternatively, the visible spectrum of I in DMF and in 
the presence of an excess of anhydrous FeC12 is very similar 
to that obtained for I alone in CH2C12. 

These observations suggest that, in  polar solvents, I disso- 
ciates according to the equilibrium [C12FeS2MoS2FeCl2l2- 

[ C I ~ F ~ S ~ M O S ~ ] ~ -  + FeC12. The same behavior is found 
with the tungsten analogue (11) for which the spectra are as 
follows: in CHzC12, 502 nm ( E  930), 418 (7100), 360 (5400), 
294 (14 200); in DMF, 524 nm ( E  530), 417 (6300), 373 
(71 I O ) .  The (Ph4P)2[C12FeS2MS2] complexes (M = Mo, 
brown-red crystals; M = W, red orange crystals, V and VI, 
respectively) form by the reactions I or I1 with equimolar 
amounts of (Ph4P)2MoS4 or (Ph4P)2WS4 in DMF. They are 
isolated in crystalline form, and in excellent yields, upon the 
addition of ether to the DMF solutions.16 

I n  conclusion, the structure of I demonstrates for the first 
time the ability of M0S42- to serve as a doubly bridging li- 
gand.” Clearly, the Mo-S bond lengths in I are shorter than 
those reported for the Mo site in nitrogenase which probably 
contains Mo in a lower formal oxidation state. In its entirety, 
I cannot be considered as a model; however, it contains gross 
structural features in common with one of the minimal models 
(Figure 1, B) proposed for the Mo site in nitrogenase on the 
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basis of the EXAFS studies. At present we are investigating 
the coordination chemistry of the bridging M o S ~ ~ -  ligand. 
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Allylcarbinyl-Cyclopropylcarbinyl Rearrangement’ 

Sir: 
The ring opening of cyclopropylcarbinyl (1) to the 3-butenyl 

radical (2) has been extensively investigated in recent years, 
as have a number of related reactions.’ This reaction is ex- 

A --) . 
1 2 

tremely rapid but its rate has, nevertheless, been measured by 
kinetic EPR ~pectroscopy.~ The Arrhenius equation for ring 
opening was found to be3.4 
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