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From an environmental chemistry perspective, transition-
metal-mediated reactions of nitrogen oxides (NO,) are of interest,!
while anaerobic denitrifying bacteria use NO, species as electron
acceptors through metalloenzyme-catalyzed conversions.? The
reduction of NO,™ to nitrous oxide (N,O) (eq 1) is catalyzed by
either Cu or Fe enzymes,? although there also exist separate
NO-reductases that effect the N-=N coupling reaction of inter-
mediate NO(g) that may be produced.?24 Following our efforts

2NO, + 4e” + 6H* — N,0 + 3H,0 1)

in Cu ion mediated reduction of O,,% we have developed an interest
in biomimetic NO,—copper reactivity, especially considering the
few examples of {Cu-NO} species.”®  Here, we report the
functional modeling of copper nitrite reductases,’ providing ex-
amples where reactions of NO,™ or NO with Cu(I) complexes lead
to the stoichiometric productions of N,O with concomitant oxo—
dicopper(II) compound formation.

We recently reported that the reaction of dicopper(I) complex
1 (PY = 2-pyridyl) with nitrosonium cation (NO*) gives a stable
[Cu,*~(NO")] complex 2 (vyo = 1536 cm™), which was struc-
turally characterized (Scheme I).” We now find that 2 can also
be generated by the reaction of n-Bu,N(NO,) with 1 in the
presence of stoichiometric amounts of acid (HPF¢Et;0).1° This
dehydration of NO,” (an NO* equivalent)!! to produce 2 is
reminiscent of the enzyme reaction since, in Achromobacter cy-
cloclastes nitrite reductase, there is evidence for a copper—nitrosyl
intermediate ([E-Cu-NO]*) being produced from NO, 312

We can also mimic the proposed enzymic reaction of NO,™ with
the [E-Cu-NO]* intermediate (giving N,0),’ resulting in an
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overall copper-mediated conversion of 2 mol of NO,™ to give
nitrous oxide (eq 1 and Scheme I). Here, further reaction of
n-Bu,N(NO,) (1 equiv) with 2 produces N,O (79% yield),!?
oxo—dicopper(IT) complex 3 (60%), and O, gas.!* If the reaction
is carried out in the presence of PPh; (1 equiv), the yield of N,O

(13) N,0O was determined by sampling of the reaction flask headspace gas
and using GC (Porapak Q (80/100) column (12 ft X !/4 inch)) using a TC
detector (He and H,, carrier and reference gases, respectively). GC yields
wfcrc determined by using a calibration curve made by using known amounts
of N,O.

(14) [Cuy(XYL-O")O](PF¢) (3-(PF¢)): Anal. Calcd for
CyH33Cu, FNGO,P: C, 50.29; H, 4.57; N, 9.77. Found: C, 50.86; H, 4.03;
N, 9.34. UV-vis (CH,Cl,): Ap,x = 339 (e 3450), 618 (180). IR (Nujol) »
(PF) = 843 (s) cm™. pgy = 1.16 ug/Cu. Ay, (CH,CN) = 153 &' ¢cm? mol™!.
3-(PFy) reacts with 3 PPh, to give O=PPh; and [Cuy(XYL-O")(PPh;),]-
(PFy). Dioxygen gas was qualitatively determined by passing the gases evolved
through an alkaline pyrogallol test solution.®
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is 97%, O, evolution is not observed, and O=PPh; is produced
stoichiometrically. An oxidizing equivalent (!/,0,) is produced
in these reactions since only two electrons (from 1) of the four
needed (eq 1) have been provided.

We also find that nitric oxide (NO(g)) reacts with Cu(I)
complexes to give copper—nitrosyl intermediates, which convert
to oxo—dicopper(II) complexes and N,O (Scheme II). These
reactions further demonstrate (cf. Scheme I) the use of Cu'l jon
(rather than H*) to help drive oxo-transfer reactions, trapping
O? and producing Cu—O-Cu complexes. Thus, exposure of 1
to NO(g) at =80 °C in CH,Cl, gives an unstable purple-brown
solution (A, = 380 nm). Standing or warming produces N,O
(96%) and oxo complex 3 (55%, isolated). A similar reactivity
is observed for 4; the unstable intermediate (Ay,, = 358 nm)
decomposes to give a 56% yield of N,O and oxo complex 5.1° The
reaction of NO(g) with mononuclear Cu(I) complex 6 is more
interesting because a deep purple —80 °C stable intermediate (7)
forms in EtCN (Scheme II). This arises from the stoichiometric
addition of 1 NO per copper ion complex 6 (manometry in EtCN
at -80 °C; 1.09 £ 0.11 NO/Cu, three trials). Direct evidence
for a copper—nitrosyl species was obtained by using FT-IR
spectroscopy via in situ low-temperature monitoring.!6 A
1460-cm™! absorption is assigned to vy on the basis of its shifting
to 1446 cm™! when labeled NO (99%) is used. This particularly
low energy vno!'® value and the observed EPR silence of these
purple solutions suggest a dinuclear Cull-(NO"),~Cu! formulation
for intermediate 7,17 perhaps facilitating the N-N coupling re-
action to give the N,O product (98%) observed. A dinuclear
oxo—dicopper(II) complex (8) (78%) is again formed.'®

Thus, we have shown that copper ion complexes can mediate
N-N coupling reactions starting with NO,™ or NO(g). The latter
reactions appear to proceed via dinitrosyl intermediates, as is
observed in the chemistry of other transition metals.!®!® The
present study provides the first example of a reaction of a met-
al-nitrosyl compound with nitrite (Scheme I);!* N,O generation
makes this reaction notably reminiscent of Averill and Tiejde’s
proposal for N,O production in the iron and copper enzymes.32
We have also provided the first authenticated example (by IR
spectroscopy) of a {Cu-NO} complex (i.e., dinuclear 7) generated
from a Cu(I) precursor and NO(g).

On the basis of the copper-mediated coupling of NO(g) we
observe here (i.e., Scheme II), we suggest an alternate possible
reaction pathway for N,O production by protein nitrite reductases,
not previously considered. Free NO(g)*-* may be formed via a
prior one-electron reduction and dehydration of NO,~, and release.
Attack of NO(g) on a separately formed enzyme (type 2)° {Cu-
NO} intermediate? could proceed through a dinitrosyl {Cu—-(NO),}
intermediate,!®!® leading to N-N coupling. Additional reduction
(via type 1 Cu?)® and protonation of a putative Cu-(N,0,) in-
termediate® would complete the stoichiometric reaction (eq 1),
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giving nitrous oxide and water. In our model system, the chemistry
is mediated and an extra electron supplied by the second copper
ion, the latter being a role probably reserved for type 1 copper
in the protein.

Further studies will deal with other aspects of Cu-NO,
chemistry and mechanistic investigations of the systems described
here.
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Note Added in Proof. Recent studies with A. cycloclastes nitrite
reductase®® are consistent with a NO(g) rebound mechanism,
which may well be analogous to the chemistry suggested here.
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The asymmetric version of the conjugate addition reaction of
organocopper reagents to enones is a long-pending problem. In
the case of achiral enones this reaction was attempted either with
chiral heterocuprates® or with chiral ligands.2 Among the ligands
of copper, trivalent phosphorus derivatives are the best ones,’ and
we thought that chirality on the phosphorus atom itself would
induce asymmetry during the conjugate addition. We present
herein our results with the chiral phosphorus derivative 1, which
demonstrate, for the first time, the effectiveness of this class of
ligands in the conjugate addition of organocopper reagents. This
compound* is easily and quantitatively prepared from (-)-
ephedrine and HMPT (eq 1) and is configurationally homogeneous
at the phosphorus stereogenic center. In the same manner were
also prepared the phosphorus derivatives 2, 3, 4,5 5, and 6’
(Scheme I).

Ph Ph
Me "‘\2—0
OH ~
\2;’ + P(NMey) —r_ W
Me/ wd NMe,

1

Derivatives 1-6 form soluble complexes with a CuX (X = Br,
I) salt in Et,O or THF. Reaction with an organolithium or
Grignard reagent gives rise to an organocopper or cuprate de-
rivative, according to the stoichiometry. The transfer of the nBu
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