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We recently reported the facile oxidative addition of carbon
dioxide and related heterocumulenes X=C=Y (X, Y =0, S,
NR) to WCI,(PMePh,), (1), forming novel tungsten(IV) oxo,
imido, and sulfido complexes.! This is a new type of oxidative
addition reaction, involving the cleavage of strong C=0, C=N,
or C=S double bonds. We now report the remarkable oxidative
addition of a C=0 double bond of a ketone forming an oxo-
alkylidene complex, apparently via an n*ketone (metallaoxirane)
intermediate.

A benzene solution of the tungsten(IT) complex WCl,(PMePh,),
(1)? reacts rapidly with 2 equiv of cyclopentanone to form a

bis-ketone adduct, W(n2-0=CCH,CH,CH,CH,),Cl,(PMePh,),
(2), via substitution of two phosphine ligands. Compound 2
decomposes at ambient temperatures to the tungsten(VI) oxo-

alkylidene complex W(0O)(=CCH,CH,CH,CH,)Cl,(PMePh,),
(3) and cyclopentanone (Scheme I).

The oxo-alkylidene complex 3 has been characterized by
comparison of its NMR and IR spectra® with the closely related
complexes W(O)(=CHCMe;)CL,(PR3),* and by an X-ray crystal
structure (Figure 1).> The molecule can be described as having
a distorted octahedral configuration, with a cis relationship be-
tween the w-bonding oxo and alkylidene ligands, as found also
for W(0)(=CHCMe;)Cl,(PMe;),* and W(O)(L)Cl,(PMePh,),
(L = CO,! CH~=CH,%). Similar bond distances and angles are
found in these four structures. The cyclopentylidene ligand is bent
away from the oxo group (bond angles: O-W-C1 94.9 (4)°,
Cl1-W-C1 87.0 (4)°, W-C1-C2 132.2 (10)°, W-C1-C5 120.5
(9)°); the distances and angles within the five-membered ring are
indistinguishable from those recently reported for gas-phase cy-
clopentanone.” The 3C{!H} NMR spectrum shows a triplet at
329.6 & with tungsten satellites (3Jpc = 10.0 Hz, 1/ = 150 Hz)
and four singlets (& 54.8, 49.8, 28.9, and 27.5 ppm) assigned to
the o and four methylene carbons of the cyclopentylidene ligand.

The structure of the bis-cyclopentanone adduct 2 has been
established spectroscopically? and by analogy to the X-ray
structure of the related acetone complex W (n2-O=CMe,),Cl,-
(PMePh,), (4, Figure 2, see below). A bis-n>-ketone configuration
in 2 is indicated by the coupling of phosphorus and tungsten to
the carbonyl carbon atoms in the I3C{{H} NMR spectrum (107.1
6, ZJpC =9 HZ, 1JWC =24 HZ) The lI‘I, 13C, and 31P NMR
spectra® indicate that the molecule has a twofold axis of symmetry
which relates the pairs of phosphine and ketone ligands but leaves
the eight hydrogen atoms of each cyclopentyl ring inequivalent.
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Figure 1. OrTEP drawing of W(O)(=CCH,CH,CH,CH,)Cl,(PMePh,),
(3) with 30% probability thermal ellipsoids. For clarity the hydrogen
atoms are omitted, and only the ipso carbon atoms of the phenyl rings
are shown. Selected bond distances (A) and angles (deg) not mentioned
in the text are as follows; W-0O = 1.708 (8), W-C1 = 1.980 (12), W-PI
= 2.567 (3), W-P2 = 2,563 (3), W-Cl1 = 2.502 (3), W-CI2 = 2.511
(3), O-W-Cl1 =178.0 (3), O-W-CI2 = 94.2 (3), O-W-P1 =97.4 (3)
O-W-P2 = 98.0 (3), Cl1-W-CI2 = 84.0 (1), P1-W-P2 = 163.5 (1).

Figure 2. ORTEP drawing of W(52-0=CMe,),Cl,(PMePh,), (4) with
50% probability thermal ellipsoids. For clarity hydrogen atoms are not
shown. Selected bond distances (A) and angles (deg) not mentioned in
the text are as follows; W-O1 = 1.948 (4), W-02 = 1.933 (4), W-Cl
=2.175 (7), W-C2 = 2.203 (7), W-P1 = 2.626 (2), W-P2 = 2.606 (2),
W-CI1 = 2,432 (2), W-CI2 = 2.437 (2), O1-W-02 = 95.3 (2), C1-
W-C2 = 104.6 (3), Cl1-W-CI2 = 82.48 (6), PI-W-P2 = 153.66 (6).

Scheme I Reaction of Cyclopentanone with WCI,L,*
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Analogous bis-n*-ketone complexes are formed by reaction of
1 with acetone 4, methyl ethyl ketone 5, cyclobutanone 6, and
cyclohexanone 7. These complexes are spectroscopically similar
to 2.2 The X-ray structure of the acetone complex W-
(n?-0=CMe,),C1,(PMePh,), (4)® shows a cis ketone, trans

(8) Crystal data for W(7*-O=CMe,),Cl,(PMePh,), (4): triclinic, PT; a
=10.1243 (12) A, b = 11.898 ) A, c =14.760 (2) ﬁ, o = 108.763 (9)°,
8 =107.131 (9)°, v = 96.664 (10)°, V = 1564.5 (8) A3, Z = 2, Dy = 1.64
g/cm’. A CADA4 diffractometer was used to collect 5822 data (2° < 6 < 25°),
at 23 £ 2 °C, of which 4139 data with I > 30(J) were used in the refinements.
Structure refined to R = 3.6% and R, = 3.7%; GOF = 1.05, highest final
difference peak, 0.76 ¢/A? (near W),
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phosphine, cis chloride configuration (Figure 2), as proposed for
2 and suggested earlier for the analogous bis-ethylene complex,
W(CH;~CH,),Cl,(PMePh,),.> 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) A®) and approach the C-O single bond length of 1.41
A" 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 '3C 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.!"1? To our
knowledge, complexes 2 and 4-7 are the first bis-n>ketone com-
plexes, and they are rare examples of #>-binding of a ketone ligand
without electron-withdrawing substituents.!!

Complex 4 decomposes at ambient temperatures to nonstoi-
chiometric amounts of acetone, W(O)Cl,(PMePh,),,!? 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 v-buty-
rolactone or ethyl acetate, presumably for electronic reasons. The
addition of aldehydes (RC(O)H, R = Me, Et, t-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=0 bond (~160 kcal/
mol'4): it is the strongest bond that has been simply cleaved to
two fragments that remain on a single metal center.!3> This is
a four-electron oxidative addition reaction that occurs under very
mild conditions, presumably favored by the formation of a strong!®
tungsten—oxygen multiple bond. The reaction contrasts with the
typical reduction of ketones by metals leading to pinacolates and
olefins via C-C coupling.!” Cleavage of cyclopentanone may
occur directly from an n2-ketone adduct or possibly via a me-
tallacycle formed by the head-to-tail coupling of two cyclo-
pentanones.!® Mechanistic studies are in progress.
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Denitrification,' the reduction of NO;™ to N,O and N, 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.? Nitrite and nitrous oxide are known to be free inter-
mediates in the pathway' (eq 1)

N03—"’N02—_’?_’N20_’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 NO, to N,O,
has been controversial,? with evidence presented for NO as an
obligatory free intermediate,>™> and for formation of N,O either
by dimerization of free nitroxyl (HNO)%7 (eq 2) or by nucleophilic
attack of a second NO,™ on an enzyme-bound nitrosyl interme-
diate®® (eq 3). The existence of the nitrosyl intermediate common

H,0
NO,” + E = E:NNO, H:’()» E-NO* — E + HNO —
2
(1/2N,0 (2)

H,0 NO;
NO;” + E = ENO,y —= ENO* — E:N,0; — N,0
2
(3)

to eq 2 and 3 has been conclusively demonstrated®!° by H,'%0
exchange and by trapping experiments with N;~ and NH,OH.
We report herein the results of isotope exchange and trapping
studies which resolve this controversy by demonstrating that
H,'%0, N;~, and 1*NO," 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 cd-nitrite reductase,!! were used, because
we have found that whole cells are relatively impermeable to azide.
Table I'2 shows the relative isotopic composition of N,O produced
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