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Figure 1. Molecular structure O ~ ~ U C - ( C O ~ M O ( P H C ~ H ~ ) ~  (3). Selected 
bond lengths (A) and angles (deg): Mo-P(l), 2.507 ( I ) ;  Mo-P(2), 2.455 
(1); Mo-P(3), 2.465 (1); Mo-C(1), 1.983 (4); Mo-C(2), 1.987(3); 

(3)-0(3), 1.146(4); P-C range, 1.826 (4)-1.848 (4); C-C range, 1.510 
(5)-1.525 (5), LP-Mo-P range, 88.18 (3)-89.27 (3); LC-Mo-P(cis) 
range, 87.7 (1)-92.8 (1); LC-Mo-C range, 90.45 (1)-93.5 (1). 

gave identical 31P N M R  and mass spectra. Recrystallization of 
3 from CD2C12 yields only  needle^.^ Single-crystal X-ray analysis 
of these needles results in the structureL0 shown in Figure 1. The 
complex consists of a [ 121ane-P3 ring, facially coordinated to the 
Mo(CO)~ moiety. The molecule has approximate C, symmetry, 
with a mirror plane passing through Mo, P( l ) ,  0 (2) ,  C(2), and 
C(8). The macrocycle ring structure is such that two of the 
six-membered metallocycle rings, [MOP( l)C(4)C(5)C(6)P(2) 
and MoP(3)C(lO)C(ll)C( 12)P(l)], are in chair conformations 
while the third ring, [ M O P ( ~ ) C ( ~ ) C ( S ) C ( ~ ) P ( ~ ) ] ,  is in a boat 
conformation. In contrast, in solution at 25 "C, a structure having 
either an all-boat or all-chain conformation or an "averaged" 
conformation arises, since only one 31P N M R  resonance is ob- 
served. 

Selected bond distances and angles are given in the figure 
legend. The Mo-P and M-Cco distances are typical of those 
observed in other phosphine-molybdenum(0) carbonyl complex- 
es." The principal structural distortion involves the Mo-P( 1) 
and M e C ( 2 )  distances, which are slightly longer than the other 
Mo-P and Mo-C distances, respectively. It is noted these bonds 
are from Mo to the atoms that share octahedral faces with the 
phosphorus atoms [P(2) and P(3)] of the boat-conformation 
metallocycle. 

The formation of the triligated sec-phosphine macrocyclic ligand 
in 3 involves anti-Markovnikov P-H bond addition across the 
carbon-carbon double bonds of neighboring allyl groups, in a novel 
metal-templated process. The reaction exemplifies the kinetic 
template effect since uncoordinated allylphosphine when treated 
with AIBN yields entirely different products.12 The reaction is 

Mo-C(3), 1.962(3); C(1)-O(l), 1.142 (5); C(2)-0(2), 1.162 (4); C- 

, 

clean, resulting in only slight molybdenum carbonyl complex 
degradation and no evidence for intramolecular ring closure to 
form coordinated phosphabutane rings or intermolecular P-H bond 
addition. The reaction is highly regiospecific; no Markovnikov 
addition product has been detected. 

Studies of the generality of this metal-templated cyclization 
approach, derivatization of the hydridomacrocycles complexes, 
and displacement of the macrocyclic phosphine from the metal 
are in progress currently. 
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Complexes of ruthenium(I1) containing "classical" ligands such 
as ammonia, pyridine, or polypyridine, or halide ions are known 
to bind with either alkenes or alkynes to form stable, isolable 
products such as [Ru"(NHJ5( 3 - h e ~ y n e ) ] ~ + . ~ , ~  We have extended 
this work to the synthesis and characterization of 2,2'-bipyridine 
(bpy) and 2,2"2''-terpyridine (trpy) complexes of both Os(I1) and 
Ru(I1) with unsaturated carbon ligands. Not surprisingly, quite 
stable complexes can be prepared containing internal alkynes, an 
examle of which is shown in eq l.4 Quite remarkably, under the 

EtOH / H 2 0  
cis-Os(bpy),Cl, + CH3O2CC=CCO2CH3 7 

c~~-[OS~'(~~~)~(CH~O~CC~CCO~CH~)CI]+ + C1- (1)  

same reaction conditions but with phenylacetylene as the alkyne 
the carbonyl complex, ~is-[Os(bpy)~(CO)Cl]+, is ~ b t a i n e d . ~  The 
reaction is general for octahedral complexes of Ru(1I) and Os(I1) 
with one labile halide ligand in that the precursor complexes 
cis-Ru"(bpy),Cl,, cis-[Ru"(trpy)(bpy)CI] (PF,), and cis-0s"- 
(phen) [ 1,2 bis(diphenylphosphino)benzene]Clz (phen = 1 , lo-  
phenanthroline) all give the corresponding monocarbonyl products 
in 70-91% yield.6 A somewhat related but less well-defined 
process has been observed as a competing reaction in the chlo- 
roruthenium(II1)-catalyzed hydration of acetylenes.' 

(9) Crystal data for (CO)3Mo(PHC3H6)3 (needles from CD2C12): space 
group P 2 , / c ,  ~2 = 12.606 (3) A', b = 8.508 (2) A', c = 15.420 (2) A", !3 = 
93.39 (2)". V = 1652.5 (6) A3, Do = IL61 g cW3, D, = 1.616 g cm-', Z = 
4. Data were collected on a Syntex PI autodifractometer using graphite- 
monochromatized Mo Ka radiation. 

(IO) The structure was solved by heavy-atom techniques and refined by 
full-matrix least-squares calculations to R = 0.026 and R,  = 0.032 for 2685 
unique observed reflections. Hydrogen atoms were located, and their positions 
were refined; anisotropic thermal parameters were used for the non-hydrogen 
atoms. Details of the refinement and structure will be published later. 

( 1  1 )  Corbridge, D. E. C. 'The Structural Chemistry of Phosphorus"; El- 
sevier: Amsterdam, 1974. 

(12) Diel, B. N.; Norman, A. D., submitted for publication. 
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We have studied in detail the particular reaction of PhC=CH 
with c i~-Ru"(bpy)~Cl~ ,  which is present as cis-[Ru"(bpy),- 
(H,O)Cl]+ as the dominant form in aqueous solution. We find 
that the reaction involves a metal-promoted hydration/dispro- 
portionation of the alkyne (eq 2). 

~is-[Ru"(bpy)~(H~O)Cl]+ + PhCEC-H - loo o c  

cis-[Ru"(bpy),(CO)Cl]+ + PhCH3 (2) 

In a typical stoichiometry experiment 0.64 mmol of cis-Ru"- 
(bpy)2Cl2.2H2O8 was heated at reflux with 0.78 mmol of PhC= 
C H  in 20 mL of deoxygenated water for 3 h. Extraction of the 
reaction mixture with Et20  and subsequent gas chromatographic 
analysis yielded 0.46 mmol of PhCH3 as compared with 0.44 mmol 
of isolated ~is-[Ru"(bpy)~(CO)Cl](PF,).~ The remaining ru- 
thenium complexes in the reaction mixture were present as a 
mixture of cis- and tr~ns-Ru~~(bpy)~(H~O)~~+l~ and a small 
amount of a crystalline orange material, identified as shown below, 
as the air, water, and chromatographically stable ruthenium alkyl 
complex cis- [ R ~ " ( b p y ) ~ ( C o )  (q-CH2Ph)] ( PF,). With H2'*0 
(99.7%, Mound Laboratories) the Ru product was shown to be 
ci~-[Ru(bpy)~(C~~O)Cl]+ by the shift of u(C0) from u(CI6O) 1985 
cm-l to u(C'*O) 1943 cm-' in CHzC12 solution (Au(C0) = 47 
cm-I, calculated on the basis of the change in reduced mass). In 
D 2 0  the product is C6HSCD3 as shown by mass spectrometry." 

Ruthenium carbonylbenzyl complexes are formed directly and 
in high yield as products of the reaction between phenylacetylene 
and the diaquo complexes c i s - R ~ ( b p y ) ~ ( H ~ O ) ~ ~ +  or cis-Ru- 
( t r~y)(PPh~)(H,o) ,~+.  The diaquo complexes were generated in 
situ by the stoichiometric addition of CF3COZH to the corre- 
sponding carbonato12 complexes (eq 3) in water or by the thermal 
aquation of the C1- groups from cis-Ru(trpy)(PPh3)Cl2.I3 

H20 
R~"(bpy)2CO3*2H20 + 2H' 

ci~-Ru(bpy)2(H20)?+ + HzCO3 (3) 

H P  
~ i s - [ R u " ( b p y ) ~ ( H ~ O ) ~ ] ~ +  + 2PhC=CH 
c~~-[Ru"(~P~)~(CO)(~-CH~P~)]+ + PhCH3 + CO + H+ (4) 

The stoichiometry of the reaction between c i~-Ru(bpy)~-  
(H20)?+ and P h m H  as shown in eq 4 was determined by GC 
detection of toluene, as described above, and mass balance; no 
attempt was made to analyze for gaseous CO. The incorporation 
of H and 0 atoms from water in the carbonylbenzyl product was 
shown by infrared using H2I80 where u(Cl60) 1944 cm-I and 
v(CI8O) = 1896 cm-' in the product and by 'H N M R  using D 2 0  
where the disappearance of benzylic C-H resonancm was observed 
(see Figure lb). 

Reasonably certain structural assignments for the benzyl 

Go 
C H p h  

I 

complexes cis- [ Ru(bpy),(CO) (q-CHzPh]+ and [ Ru(trpy)- 

Communications to the Editor 

(7) Halpern, J.; James, 9. R.; Kemp, A. L. W. J .  Am. Chem. SOC. 1966, 

(8) Sullivan, B. P.; Salmon, D. J.; Meyer, T. J. Inorg. Chem. 1978, 17, 

(9) Clear, J.  M.; Kelly, J. M.; OConnell, C. M.; Vos, J .  G.; Cardin, C. 

(10) Durham, 9.; Wilson, S.  R.; Hodgson, D. J.; Meyer, T. J.  J .  Am. 

(11) For the mass spectrum of PhCDl see: McLafferty, F. J.  "Mass 

(12) Johnson, E. C.; Sullivan, 9. P.; Adeyeni, S.  A,; Meyer, T. J. Inorg. 

(13) Sullivan, B. P.; Calvert, J. M.; Meyer, T. J.; Inorg. Chem. 1980, 19, 

88, 5142. 

3334. 

J.;  Costa, S.  R. J .  Chem. Soc., Chem. Commun. 1980, 750. 

Chem. SOC. 1980, 102, 600. 

Spectrometry of Organic Ions": Academic Press: New York, 1963. 

Chem. 1978, 17, 221 1 .  

1404. 

A 

'c- i 
_i 

-_iL 

9 8 ? G 3 2 

Figure 1. 'H N M R  spectrum in CD2Clz of (a) [cis-Ru(bpy)2(CO)(v- 
CH2Ph)](PF6) and (b) [~is-Ru(bpy)~Co(v-CD,Ph)](PF,) isolated as the 
product of the reaction in D,O (99.5%); see text. Me& and methylene 
chloride peaks are deleted. 

(PPh3)(CO)(q-CH2Ph)]+ (note structure I above) are available 
based on elemental analyses14 and 'H, 13C, and 31P N M R  spec- 
troscopy and for the bpy complex, field desorption mass spec- 
trometry. In the latter experiment, a parent ion peak appeared 
at  m / e  533 (Io2Ru) as the most intense peak in the isotopic ma- 
nifold. 

Figure l a  shows the 'H N M R  spectrum of cis-[Ru"(bpy),- 
(CO)(q-CH2Ph)]+ taken in CDzC12. In the spectrum there are 
eight doublets and eight triplets in first order in the bpy region, 
two multiplets of area 3 (ortho and para) and 2 (meta) for the 
phenyl protons, and two magnetically nonequivalent benzylic 
protons at  6 2.15 and 3.27 with a geminal coupling constant of 
10.3 Hz. For [Ru(trpy)(PPh,)(CO)(q-CHzPh)]+ a trpy + PPh3 
proton region of 26 protons occurs from 6 8.5 to 6.9 in addition 
to the 3:2 phenyl multiplet region centered at  6 6.54 and 5.88, 
respectively. The benzylic protons in the complex are both sym- 
metrically and magnetically equivalent, appearing as a sharp 
doublet (3JpH = 5.3 Hz) of area 2 at 6 2.26. 

The I3C NMR spectra of both complexes (see Figure 2b) show 
the carbonyl resonance at ca. +200-205 ppm (CD3CN as internal 
standard) and a phenyl and polypyridyl region extending from 
+120 to +150 ppm. Both complexes show a benzylic carbon 
resonance at  ca. 24 ppm with coupling to chemically equivalent 
protons; for ~is-[Ru(bpy)~(CO)(q-CH~Ph)]+ a triplet (IJcH = 128 
Hz) and for [Ru(trpy)PPh,(CO)(q-CH2Ph)]+ a doublet of triplets 
(IJCH = 132.3 Hz, 2Jpc = 45.8 Hz). That phosphorus-carbon- 
(-CH2-) coupling, JPRuCH2 = 45.8 Hz, is greater than phospho- 
rus-carbon(-CO) coupling, JPRuCO = 12.7 Hz, suggests that the 
benzyl group is trans to phosphorus. The assignment is supported 
by the profound upfield chemical shift for PPh3 in the 31P NMR 
spectrum in CH3CN. In our case, the 31P NMR resonance for 
Ru(trpy)(PPh,)(CO)(q-CH,Ph)+ occurred at  +28.3 ppm (vs. 

(14) As an example, for cis-[Ru"(bpy),CO(CH,Ph)](PF,): Calcd C, 
49.63; H, 3.38;  N, 8.27. Found: C, 49.32; H, 2.98; N, 8.07. 
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Figure 2. "CIIH) NMR spectrum in CD$N of (a) cis-[Ru(bpy)2- 
(CO)CI]+ produced by the reaction between PhCECH and cis-Ru- 
(bpy),CI, and (b) cis-[Ru(bpy),(CO)(q-CH2Ph)]+ produced by the re- 
action between PhCECH and ~is-[Ru(bpy),(H,O)~]~+. The nitrile 
carbon resonance of CD,CN has been deleted for clarity. 

H3PO4) compared with -6.0 and -20.1 ppm for PPh, and 
tram-[R~(trpy)(PPh~)~Cl]', respectively.12 It can be inferred from 
the chemical shift data that PPh, is trans to a powerful elec- 
tron-donating substituent. 

Further indication that the benzyl group is a powerful u donor 
at RulI comes from cyclic voltammetry and electronic spectral 
data. In acetonitrile, oxidation of Ru(I1) to Ru(II1) for cis- 
[R~(bpy)~(Co)(q-CH~Ph)]+  is shifted negatively by ca. 0.7 V 
(Epa = 0.76 V vs. SCE) compared to cis-[R~(bpy)~(CO)Cl]+ (E112 
= 1.50 V). The A,,, for the lowest **(bpy) - d*(Ru) C T  
transition in CH3CN, which is also a measure of electron density8 
at Ru", is a t  476 nm for ci~-[Ru(bpy)~(CO)(q-CH~Ph)]+ and at 
400 nm (sh) for ci~-[Ru(bpy)~(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 Re', Ptrl, Ru", or Fe".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 m o l y b d e n u n ~ ~ - ~  The 
physical properties of this cofactor suggest that it contains a novel 
Mo-Fe-S c l u ~ t e r . ~  The complementation of inactive molybde- 
num-iron protein by isolated cofactor2s3 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 c ~ b e , ~ . ~ ~  (2) two Fe atoms 
bridged by a M a 4  group: (3) two Fe4S4 cubes bridged by a M a 4  
unit,* (4) two Fe3S3 units bridged by a molybdenum atom," and 
( 5 )  a [L3MoFe7S6(SR),]'- 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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