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phosphine, cis chloride configuration (Figure 2), as proposed for 
2 and suggested earlier for the analogous bis-ethylene complex, 
W(CH2=CH2)2Cl2(PMePh2)2.2 The C-O bond distances of 1.390 
(8) A and 1.379 (8) A are considerably longer than in free acetone 
(1.210 (4) A9) and approach the C-O single bond length of 1.41 
A.10 The long C-O bond distances, the large deviation from 
planarity of the acetone ligands (average angles O-C-C = 113.6 
(6)°, C-C-C = 111.4 (6)°), and the 13C chemical shift of the 
carbonyl carbons (96.7 ppm vs 203.5 ppm for free acetone) all 
suggest a large contribution from a metallaoxirane resonance form 
and substantial oxidation of the tungsten(II) center.11,12 To our 
knowledge, complexes 2 and 4-7 are the first bis-jj2-ketone com
plexes, and they are rare examples of 7/2-binding of a ketone ligand 
without electron-withdrawing substituents.11 

Complex 4 decomposes at ambient temperatures to nonstoi-
chiometric amounts of acetone, W(0)Cl2(PMePh2)3,13 and 
paramagnetic tungsten complex(es); an oxo-alkylidene complex 
has not been observed. The decomposition of complexes 5-7 and 
the reasons for the difference in reactivity between 2 and 4 are 
currently under investigation. Complex 1 does not react with 
diethyl ketone, probably because its steric bulk, or with 7-buty-
rolactone or ethyl acetate, presumably for electronic reasons. The 
addition of aldehydes (RC(O)H, R = Me, Et, r-Bu) to 1 gives 
a number of products. 

The oxidative addition of cyclopentanone is a remarkable re
action because of the strength of the C = O bond (~ 160 kcal/ 
mol14): it is the strongest bond that has been simply cleaved to 
two fragments that remain on a single metal center.15 This is 
a four-electron oxidative addition reaction that occurs under very 
mild conditions, presumably favored by the formation of a strong16 

tungsten-oxygen multiple bond. The reaction contrasts with the 
typical reduction of ketones by metals leading to pinacolates and 
olefins via C-C coupling.17 Cleavage of cyclopentanone may 
occur directly from an ?)2-ketone adduct or possibly via a me-
tallacycle formed by the head-to-tail coupling of two cyclo-
pentanones.18 Mechanistic studies are in progress. 

Acknowledgment. This work was supported by the donors of 
the Petroleum Research Fund, administered by the American 
Chemical Society, by the Chevron Research Co., and the National 
Science Foundation (CHE-8617965). We also acknowledge 
support for X-ray equipment from the National Science Foun
dation (CHE-8617023) and the Graduate School Research Fund 
of the University of Washington (PHS Grant RR-0796). We 
thank B. D. Santarsiero and T. K. Pratum for invaluable assistance 
with the X-ray and NMR studies, respectively. 

(9) Iijima, T. Bull. Chem. Soc. Jpn. 1972, 45, 3526-3530. 
(10) March, J. Advanced Organic Chemistry, 3rd ed.; Wiley: New York, 

1985; p 19. 
(11) Harman, W. D.; Fairlie, D. P.; Taube, H. / . Am. Chem. Soc. 1986, 

108, 8223-8227, and references therein. Wood, C. D.; Schrock, R. R. / . Am. 
Chem. Soc. 1979, 101, 5421-5422. 

(12) Martin, B. D.; Matchett, S. A.; Norton, J. R.; Anderson, O. P. J. Am. 
Chem. Soc. 1985, 107, 7952-7959. Buchwald, S. L.; Nielsen, R. B.; Dewan, 
J. C. J. Am. Chem. Soc. 1987, 109, 1590-1591. Headford, C. E. L.; Roper, 
W. R. J. Organomet. Chem. 1983, 244, C53-C56. Ittel, S. D.; Ibers, J. A. 
Adv. Organomet. Chem. 1976, 14, 33-61. 

(13) Carmona, E.; Sanchez, L.; Poveda, M. L.; Jones, R. A.; Hefner, J. 
G. Polyhedron 1983, 2, 797-801. 

(14) Glockler, G. J. Phys. Chem. 1958, 62, 1049-1054. 
(15) The cleavage of CO seems to require more than one metal center: 

LaPointe, R. E.; Wolczanski, P. T.; Mitchell, J. F. J. Am. Chem. Soc. 1986, 
108, 6382-6384. The cleavage of N2 requires added acid: Chatt, J.; Dilworth, 
J. R.; Richards, R. L. Chem. Rev. 1978, 78, 589-625. The cleavage of ketones 
by metal-alkylidene complexes forms olefins: Schrock, R. R. J. Am. Chem. 
Soc. 1976, 98, 5399-5400. 

(16) Sanderson, R. T. Inorg. Chem. 1986, 25, 3518-3522. 
(17) (a) McMurry, J. E. Ace. Chem. Res. 1983, 16, 405-411. Giese, B. 

Radicals in Organic Synthesis; Pergamon: Oxford, 1986; pp 122-124, 
185-188. Blatchford, T. P.; Chisholm, M. H.; Folting, K.; Huffman, J. C. 
/ . Chem. Soc, Chem. Commun. 1984, 1295-1296. Cotton, F. A.; DeMarco, 
D.; Falvello, L. R.; Walton, R. A. / . Am. Chem. Soc. 1982,104, 7375-7376. 
Sharpless, K. B.; Umbreit, M. A.; Nieh, M. T.; Flood, T. C. J. Am. Chem. 
Soc. 1972, 94, 6538-6540. (b) The cleavage of an quinolinyl phenyl ketone 
to give CO2 and a bridging carbene has been reported: Suggs, J. W.; 
Wovkulich, M. J.; Lee, K. S. J. Am. Chem. Soc. 1985, 107, 5546-5548. 

(18) See, for example: Browning, J.; Empsall, H. D.; Green, M.; Stone, 
F. G. A. / . Chem. Soc, Dalton Trans. 1973, 381-387. 

Supplementary Material Available: Spectroscopic and analytical 
data for 2-7 and tables of atomic coordinates, bond distances and 
angles, anisotropic temperature factors, and hydrogen atom co
ordinates for 3 and 4(14 pages); tables of observed and calculated 
structure factors for 3 and 4 (35 pages). Ordering information 
is given on any current masthead page. 

The Mechanism of Microbial Denitrification 

E. Weeg-Aerssens,1 J. M. Tiedje,*1 and B. A. Averill*1 

Department of Crop and Soil Sciences 
Michigan State University 

East Lansing, Michigan 48824-1124 
Department of Chemistry, University of Virginia 

Charlottesville, Virginia 22901 

Received July 13, 1987 

Denitrification,1 the reduction OfNO3" to N2O and N2 by soil 
bacteria, is a key process in the nitrogen cycle that controls the 
amount of fixed nitrogen available for plant growth; estimates 
indicate that 25-30% of fertilizer nitrogen is lost via denitrifi
cation.2 Nitrite and nitrous oxide are known to be free inter
mediates in the pathway1 (eq 1) 

NO3- — NO2" — ? — N2O — N2 (1) 

Efforts to design specific inhibitors of denitrification suitable for 
agricultural use require a knowledge of the mechanism of the first 
enzyme unique to denitrification, nitrite reductase. The mecha
nism of this key step in denitrification, reduction of NO2" to N2O, 
has been controversial,3 with evidence presented for NO as an 
obligatory free intermediate,3"5 and for formation OfN2O either 
by dimerization of free nitroxyl (HNO)6,7 (eq 2) or by nucleophilic 
attack of a second NO2" on an enzyme-bound nitrosyl interme
diate8,9 (eq 3). The existence of the nitrosyl intermediate common 

NO2" + E ±̂ E-NO2- ===£ E-NO+ — E + HNO — 
HO 

(1/2)N20 (2) 
H2O NO2-

NO2" + E <=! E-NO2- 5 = E-NO+ • E-N2O3 — N2O 
H2O 

(3) 
to eq 2 and 3 has been conclusively demonstrated6,10 by H2

18O 
exchange and by trapping experiments with N3" and NH2OH. 
We report herein the results of isotope exchange and trapping 
studies which resolve this controversy by demonstrating that 
H2

18O, 14N3", and 15NO2" compete for the same enzyme-bound 
nitrosyl intermediate, as required by eq 3. 

Cell-free extracts of Pseudomonas stutzeri, a typical denitrifier 
known to contain a heme crf-nitrite reductase,11 were used, because 
we have found that whole cells are relatively impermeable to azide. 
Table I12 shows the relative isotopic composition of N2O produced 
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Table I. Ratio of N20-45 (Obtained from Nitrosation with 14N3
-) 

and N20-46 (from Denitrification) as a Function of 15NO2
-

Concentration 

['5NO2-], 
mM 

0.05° 
0.10° 
1.0° 

N 20-45/ 
N20-46 

0.79 ± 0.07 
0.44 ± 0.01 
0.17 ± 0.03 

[15NO2-], 
mM 

0.1» 
0.26 

0.5» 
1.0» 

N 20-45/ 
N20-46 

0.24 ± 0.01 
0.22 ± 0.02 
0.086 ± 0.001 
0.052 ± 0.005 

"50 mM succinate as reductant. »Luria broth medium as reductant. 

by incubating cell-free extracts with varying amounts of 15NO2" 
in the presence of 50 mM 14N3". Trapping the E-15NO+ inter
mediate with 14N3" (nitrosation) produces 14N15NO (mass 45), 
while denitrification produces 15N2O (mass 46). The results clearly 
show that NO2" competes with N 3

- for the E-NO+ intermediate. 
Previous work in our laboratories9 with whole cells of P. stutzeri 

has shown that the extent of H2
18O exchange with the E-NO+ 

intermediate, as determined by the 18O content of product N2O, 
decreases with increasing nitrite concentration, which indicates 
that H2

18O and NO2
- compete for the same intermediate, E-NO+. 

We have observed similar behavior for cell-free extracts (data not 
shown). In order to examine this point more carefully, we have 
performed an isotope dilution experiment, in which cell-free ex
tracts are incubated with 1 mM 15NO2-, 50 mM 14N3", and 9% 
H2

18O, and the 18O content OfN2O originating from denitrification 
(N20-48/(N20-46 + N20-48)) is compared to that of N2O 
originating from nitrosation (N20-47/(N20-45 + N20-47)). 
Nitrite is a "sticky" substrate for P. stutzeri nitrite reductase,13,14 

and the free NO2
- pool does not equilibrate rapidly with H2

18O. 
Consequently, the 18O content of 15N2O produced by denitrification 
should be the same as (eq 2) or approximately one-half that of 
(eq 3) the E-15NO+ pool, as monitored by trapping with 14N3". 
We find experimentally that 15N2O from denitrification is 52.7 
± 2% equilibrated15 with the H2

18O, while 14N15NO from nitro
sation is 80.5 ± 2.4% equilibrated with the H2

18O solvent, con
sistent with eq 3. (Even at high [NO2

-] in the absence of N3
-, 

we always observe ca. 8% equilibration of N2O with H2
18O, 

possibly indicating that some 18O exchange occurs via an inter
mediate containing an N - N bond, as has been observed for ni
trosation with NH2OH.9) 

These results demonstrate that H2O, N3 ' , and nitrite compete 
for a common intermediate, E-NO+. This provides the first direct 
evidence that unambiguously distinguishes between the mecha
nisms of eq 2 and 3 and indicates that denitrification occurs by 
sequential reaction of two nitrite ions with the enzyme, as first 
proposed by us.8 This conclusion is supported by recent isotope 
effect studies.16,17 Further mechanistic studies are in progress 
to define the second nitrite binding site and the factors which cause 
purified nitrite reductase to produce primarily NO rather than 
N2O.1,3 

(12) Experimental conditions: 50 mM Na14N3; reductant was 50 mM 
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analyzed with an HP 5985 GC/MS system equipped with a Porapak Q 
column. The mass spectrometer was operated in EI mode with selective ion 
monitoring. System temperatures were as follows: injector, 80 0C; column, 
55 0C; ion source, 100 0C. The electron multiplier voltage was 1400-3000 
MeV, and the autotune value was 2000 MeV. The amount of extract added 
was such that the extent o( reaction for the incubation period and for the 
lowest [NO2-] did not exceed 20%; thus, the [NO2

-] and [N3
-] did not change 
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Photoinduced electron-transfer reactions are the subject of 
considerable interest due both to the versatility of net chemical 
reactions which can be achieved as well as to the variety of in
termediates and mechanistic complexities encountered in their 
study.1"8 For initially neutral donors and acceptors quenching 
of excited singlet states is frequently dominated by formation of 
a geminate ion pair, A"/D+, which can subsequently decay by back 
electron transfer or, in moderately polar to polar solvents, by cage 
escape to form free ions.7"10 In nonpolar solvents the back electron 
transfer process acts as an effective clock to limit the lifetime for 
reaction of the geminate pair to the ns time scale; consequently 
only relatively rapid reactions can occur efficiently from the 
geminate pair and these frequently involve participation of the 
solvent or other reagents present in high concentration.11-14 We 
have previously reported the chemically clean and moderately 
efficient C-C bond photofragmentation reactions of 0-amino-
alcohols initiated by electron transfer to excited acceptors (eq 
T) 15,16 yje rep0r)j j j e r e a mechanistic study where this reaction 

PhCH-CHPh + A 2PhCHO + | 1 + AH2 (1) 
H2O (trace) * \ / 

1 H 

is restricted to the geminate pair and which emphasizes the 
complimentary roles of reduced acceptor and oxidized donor in 
facilitating chemical reaction in competition with fast back electron 
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