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Figure 2. 13CI1H) NMR spectrum in CD3CN of (a) m-[Ru(bpy)2-
(CO)Cl]+ produced by the reaction between PhC=CH and CiS-Ru-
(bpy)2Cl2 and (b) m-[Ru(bpy)2(CO)(7/-CH2Ph)]+ produced by the re­
action between PhC=CH and m-[Ru(bpy)2(H20)2]

2+. The nitrile 
carbon resonance of CD3CN has been deleted for clarity. 

H3PO4) compared with -6.0 and -20.1 ppm for PPh3 and 
ffww-[Ru(trpy)(PPh3)2Cl]+, respectively.12 It can be inferred from 
the chemical shift data that PPh3 is trans to a powerful elec­
tron-donating substituent. 

Further indication that the benzyl group is a powerful a donor 
at Ru" comes from cyclic voltammetry and electronic spectral 
data. In acetonitrile, oxidation of Ru(II) to Ru(III) for cis-
[Ru(bpy)2(CO)(7?-CH2Ph)]+ is shifted negatively by ca. 0.7 V 
(£P4 = 0.76 V vs. SCE) compared to c«-[Ru(bpy)2(CO)Cl]+ (E1/2 

= 1.50 V). The Xmax for the lowest 7r*(bpy) «- dTr(Ru) CT 
transition in CH3CN1 which is also a measure of electron density8 

at Ru", is at 476 nm for cw-[Ru(bpy)2(CO)(7;-CH2Ph)]+ and at 
400 nm (sh) for m-[Ru(bpy)2(CO)Cl]+. 

The mechanism(s) for the conversion of phenylacetylene to CO 
and toluene or to CO and the benzyl complex are not known in 
detail but are currently under investigation. Reasonable inter­
mediates that can be anticipated are acetylene, vinylidene, ace-
tylide, hydroxycarbene, and acyl complexes, all of which have 
chemical precedents in the chemistries of Re1, Pt11, Ru11, or Fe11.15 

The chemistry appears to be general for terminal alkynes in that 
we have also observed reactions with acetylene and 1-hexyne, and 
it seems clear that we will be able to study the mechanisms of 
the reactions in some detail. 
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Chemical and physical analyses indicate that the iron-molyb­
denum cofactor (FeMo(co)) of nitrogenase contains 6-8 mol of 
iron and 4-6 mol of sulfur per mol of molybdenum.2"5 The 
physical properties of this cofactor suggest that it contains a novel 
Mo-Fe-S cluster.4 The complementation of inactive molybde­
num-iron protein by isolated cofactor2'3 indicates that it is an 
important functional component of the enzyme. Thus, deter­
mination of the structure of the cofactor is of significance and 
interest. 

Extended X-ray absorption fine structure (EXAFS) data taken 
at the Mo edge indicate that the molybdenum has two or three 
iron atoms and four or five sulfur atoms as nearest neighbors.6"8 

Several models are consistent with these data, including those with 
(1) a MoFe3S4 cluster with one molybdenum and three iron atoms 
at alternate corners of a distorted cube,9,10 (2) two Fe atoms 
bridged by a MoS4 group,6 (3) two Fe4S4 cubes bridged by a MoS4 

unit,8 (4) two Fe3S3 units bridged by a molybdenum atom,11 and 
(5) a [L3MoFe7S6(SR)7]

2" cluster containing a MoFe7S6 core with 
the metal atoms situated at corners of a cube and the quadruply 
bridging sulfurs occupying the six faces of the cube.12 More 
information concerning the iron environment is needed to define 
the structure of the FeMo(co). We report here the successful 
measurement and analysis of the iron edge EXAFS of the FeMoco 
from Azotobacter vinelandii and relate initial structural infor­
mation about the iron sites in that cluster. 
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Figure 1. Fourier transforms of the iron K edge EXAFS k3%(k) vs. k 
of (a) [(P-CH3C6H4S)2FeS2FeS2MoS2]

3- showing Fe-S and Fe-Fe(Mo) 
peaks at 1.83 and 2.35 A (before phase shift correction), (b) 
[(C6H5O)2FeS2MoS2]

2- showing Fe-O, Fe-S, and Fe-Mo peaks at 1.40, 
1.88, and 2.55 A (before correction), and (c) the FeMo(co) of nitroge-
nase, which shows Fe-O(N), Fe-S(Cl), and Fe-Fe(Mo) peaks at 1.33, 
1.74, and 2.26 A (before correction), respectively. 

Nitrogenase molybdenum-iron protein (AvI) was purified from 
Azotobacter vinelandii} The FeMo(co) was extracted into N-
methylformamide (NMF)2 and brought to a final concentration 
of 1 mM in iron. This material both displayed the acceptable EPR 
spectrum of the cofactor4 (with no evidence for high-spin Fe(III) 
contaminants) and had the ability to complement the molybde­
num-iron protein from Azotobacter vinelandii UW45? Samples 
were loaded anaerobically into polycarbonate holders, frozen, and 
stored in liquid nitrogen when not in the spectrometer. 

Iron K-edge X-ray absorption measurements were made at ca. 
160 K with the fluorescence technique at SSRL (see Figure A, 
supplementary material: Experimental Section). 

A comparison of the Fourier transform of the cofactor data 
with those of model compounds (cf. Figure 1) measured and 
analyzed in a similar fashion prompted us to assign the three peaks 
in the cofactor as Fe-O (or N),13 Fe-S (or Cl), and Fe-Fe (and/or 
Mo) backscatterings, in order of increasing distance. The Fourier 
transform of the iron EXAFS spectrum of [(/»-
CH3C6H4S)2FeS2FeS2MoS2]3- (1) shows Fe-S and Fe-Fe(Mo) 
peaks14 (Figure la), and that of the iron EXAFS of 
[(C6H5O)2FeS2MoS2]2- (2) shows Fe-O, Fe-S, and Fe-Mo 
peaksI4b-15 (Figure lb). Since these peaks are not fully resolved 
in distance space, they cannot be decomposed into individual 
contributions via Fourier filtering, and parameter correlations 
impair the curve-fitting attempts using three- or four-term 
backscattering models. So that reliable structural information 
for the cofactor and the model compounds could be obtained, the 
following iterative procedure was developed: First, the filtered 
k3x(k) data (filtering window 0.7-4.2 A) were fit with a two-term 
model containing only Fe-O and Fe-S contributions (supple­
mentary material, Figure B, dashed curve). The residual from 

(13) The amplitude and phase functions for Fe-O and Fe-N backscat­
terings are similar; here, this peak is analyzed as an Fe-O distance. In AvI 
an electron spin echo measurement near g = 2.01 shows evidence of a nitrogen 
atom coupled to the S = 3/2 center (W. B. Mims, W. H. Orme-Johnson, 
unpublished). 
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L35. (b) Teo, B. K.; Antonio, M. R.; Tieckelmann, R. H.; Silvis, H. C; 
Averill, B. A., submitted for publication. 
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Table I. Least-Squares Refined Interatomic Distances (r, A) and 
Coordination Numbers (AO with Standard Deviations (in 
Parentheses) for the FeMo Cofactor of the Nitrogenase Enzyme 
Isolated from Azotobacter vinelandii 

bonds 

Fe-S 

Fe-Fe 

Fe-Mo 

Fe-O 

r 
N 
r 
N 
r 
N 
r 
N 

model compounds 

best fit 

2.255 (21) 
4.0 (12) 
2.762 (22) 
1.0 (3) 
2.804 (34) 
0.5 (1) 
1.847 (70) 
2.0 (6) 

diffraction 

2.256a 'd 

4 
2.691° 
1 
2.778° 
0.5 
1.897b 'd 

2 

FeMo cofactor 

best fit 

2.215 (32) 
3.9 (17) 
2.629 (10) 
2.6 (4) 
2.837 (21) 
0.3 (1) 
1.873 (29) 
2.1 (10) 

FABM 

2.247 (20) 
3.4 (16) 
2.656 (27) 
2.3 (9) 
2.760 (32) 
0.4 (1) 
1.814 (65) 
1.2 (10)c 

0 From [(P-CH3C6H4S)2FeS2FeS2MoS2]3" ( l ) . 1 4 b b From 
[(C6H5O)2FeS2MoS2]2_ (2) . I 4 b c "Background peak" subtracted 
based on [Fe4S4(SPh)4]2_ . d Average values. 

k(A-) 

Figure 2. Total Fourier filtered EXAFS, k3x(k) vs. k, spectrum of the 
FeMo(co) (—) and the sum of the two best two-term fits (- - -) of k^x^jjc) 
(with Fe-O and Fe-S terms) and &3XM(^) (with Fe-Fe and Fe-Mo 
terms). The individual contribution of each type of scatterer to the total 
filtered EXAFS, as resolved by our curve-fitting technique, is shown in 
Figure E, supplementary material. 

the fit (k3xM(k)) was obtained, Fourier filtered (window 1.6-3.0 
A), and fit with a two-term model containing Fe-Fe and Fe-Mo 
contributions (supplementary material, Figure C, dashed curve). 
For a more accurate fit of the Fe-O and Fe-S terms, the Fourier 
filtered Fe-Fe(Mo) component was subtracted from the total 
filtered spectrum, leaving a residual spectrum ( ^ 3 X L W ) P re_ 

sumably containing only Fe-O and Fe-S contributions, which was 
again Fourier filtered (window 0.7-3.4 A) and fit with Fe-O and 
Fe-S terms (supplementary material, Figure D, dashed curve). 
The best fit Fe-O, Fe-S, Fe-Fe, and Fe-Mo distances from the 
two-term fits of k3xiXk) and k3XM(k) are listed in Table I, along 
with the relevant parameters for the two model compounds. A 
plot of the total filtered EXAFS (solid curve) and the sum of the 
two best two-term fits (dashed curve) is shown in Figure 2. The 
accuracy of the Fe-O, Fe-S, Fe-Fe, and Fe-Mo distances (ca. 
0.05, 0.01, 0.07, 0.02 A, respectively) is judged from the model 
compounds. 

In order to determine the coordination numbers of the iron 
atoms in the FeMo(co), as well as to improve the accuracy of the 
distances obtained from the best theoretical fits, we applied a new 
"fine adjustment" method based on model compounds (FABM) 
to the data.16 The method involves transferring the change in 
energy threshold relative to the edge position (AEa

p) and the 
Debye-Waller factor (<r) obtained for each type of neighboring 
atom from the models 1 and 2 to the FeMo(co) (see Table I). 

The reported number of Fe-O(N) bonds, 2.1, requires some 
comment. Since [Fe4S4(SPh)4]2"17 has a shoulder at 1.35 A 

(16) Teo, B. K.; Antonio, M. R.; Averill, B. A., submitted for publication. 
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(before phase-shift correction) in the Fourier transform18 (due 
to Fourier truncation and/or residual background), the result 
obtained for the FeMo(co) (which shows a peak at 1.33 A, before 
correction, in the Fourier transform; cf. Figure Ic) may be in error 
by as much as 50%. If we subtract a "background peak" estimated 
from [Fe4S4(SPh)4]

2", the number of Fe-O bonds reduces to 1.2. 
Despite these cautions, the data in Table I support the use of the 
EXAFS of 1 and 2 as good models for the Fe-S(Cl), Fe-Fe(Mo), 
and Fe-O(N) interactions in the FeMo(co). 

In summary, the iron atoms in the FeMo(co) have an average 
of 3.4 ± 1.6 S(Cl) atoms at 2.25 (2) A, 2.3 ± 0.9 Fe atoms at 
2.66 (3) A, 0.4 ± 0.1 Mo atoms at 2.76 (3) A, and 1.2 ± 1.0 O(N) 
atoms at 1.81 (7) A as nearest neighbors. The large standard 
deviation in the number of sulfur and iron atoms may be due to 
the presence of different iron sites with varying number and/or 
types of sulfur and iron neighbors. Our findings are consistent 
with (although certainly not limited to) models 4 l ; and 512 de­
scribed above. Note that model 4 calls for 3-4 S (or Cl), 2 Fe, 
0.3-0.5 Mo, and 1-2 O (or N) neighbors per iron atom, whereas 
model 5 predicts 4 S, 2.6 Fe, and 0.4 Mo neighbors per iron atom. 
Finally, it should be cautioned that the structure of the NMF-
extracted FeMo(co) from AvI may be different from the novel 
cluster in the native enzyme, due to the coordinating power of 
NMF. 
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Under normal conditions ethylene and simple alkyl ethylenes 
react exclusively with electrophiles: nucleophilic additions are 
observed only when strongly electron-withdrawing substituents 
are present. Certain reactions catalyzed by enzymes1 suggest that 
this prohibition is not absolute, and we are exploring possible 
intramolecular additions of oxygen and nitrogen nucleophiles to 
unactivated C = C double bonds under mild conditions. We have 
shown2 that in a suitable system activated by ground-state strain 
amine nitrogen will add very rapidly to the transannular double 
bond of an electron-rich stilbene. We now report that phenolate 

(1) Of particular interest are those amino acid ammonia lyases which are 
reversible and can thus catalyze the addition of ammonia to double bonds 
without assistance from electron-withdrawing substituents,2 and oleate hy-
dratase (EC 4.2.1.53), which catalyses the stereospecific hydration of oleic 
acid to 10-hydroxy stearate.3 

(2) A. J. Kirby and C. J. Logan, J. Chem. Soc, Perkin Trans. 2, 642 
(1978). 

(3) W. G. Niehaus, A. Kisic, A. Torkelson, D. J. Bednarczyk, and G. J. 
Schroepfer, /. Biol. Chem., 245, 3790 (1970). 

_ -4 

Figure 1. pH profile for the cyclization of 1 -*• 2 at 39 0C and ionic 
strength 0.2 M (KCl) in 50% aqueous acetonitrile. The points are ex­
perimental; the curve is calculated, by using /cH

+ = 2.2 X 10"4, k0= 1.8 
X 10"6 and 8.4 X 10~3 s"1, and p#a 12.5. 

oxygen will add readily to a neighboring monoalkyl ethylene when 
the groups are brought together in a system exhibiting high ef­
fective molarity (EM).4 

Ganter5 and Grob6 and their co-workers have reported relevant 
cyclizations of several polycyclic olefin-alcohols under basic as 
well as the more generally favorable acidic conditions. We pre­
ferred an olefin-phenol system, which could be converted com­
pletely to the phenolate anion and could thus be studied in the 
absence of complications from the initial ionization step. The key 
requirement was thus a phenol-olefin that would undergo intra­
molecular cyclization with a very high EM, and we have prepared 
several such compounds based on the "trialkyl lock" system of 
Milstien and Cohen.7 

The most reactive of these is the phenol-olefin 1 (prepared from 

H,.HB 

the lactone A7 by the route shown in eq 1, with the following 
reagents: (i) Dibal-H; (ii) (COOH)2 in PhMe; (iii) Br2/CCl4; 
(iv) H20/THF; (v) Et3SiH/BF3-OEt2; (vi) Zn/95% EtOH. Both 
1 and its cyclization product 2 have been fully characterized 
spectroscopically). 1 cyclizes to 2 very slowly at neutral or acidic 
pH, but reaction is rapid above pH 10, and the half-life of the 
anion is 82 s at 39 0C. The pH-rate profile (Figure 1) shows 
pH-independent regions from pH 2.5 to 8.5 and above 13, and 

(4) A. J. Kirby, Adv. Phys. Org. Chem., 17, 183 (1980). 
(5) G. M. Ramos Tombo, R. A. Pfund, and C. Ganter, HeIv. Chim. Acta, 

64, 813 (1981). 
(6) G. A. Grob and H. Katayama, HeIv. Chim. Acta, 60, 1890 (1977). 
(7) S. Milstien and L. A. Cohen, J. Am. Chem. Soc, 94, 9158 (1972). 

Although these compounds have been shown recently to be less reactive than 
originally thought,8 they still show EM's of more than 10" M.4 

(8) M. Caswell and G. L. Schmir, J. Am. Chem. Soc, 102, 4815 (1980). 

0002-7863/82/1504-4705S01.25/0 © 1982 American Chemical Society 


