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The interactions of nitrogen oxides with copper ions in biological
systems are important in the global nitrogen cycle,! Copper-
containing enzymes play a central role in denitrification, whereby
bacteria use NO;™ and NO,™ as terminal electron acceptors ul-
timately to produce gaseous nitrogenous products (NO, N,O,
and/or N,).2 A copper-NO species has been suggested to be
a key intermediate in biological nitrogen oxide reduction,’ and
nitrosyl adducts to other copper proteins also have been postulated.?
In the nitrite reductase (NiR) from Achromobacter cycloclastes,
the nitrosyl is believed to form at a single copper ion that, in the
resting enzyme, is coordinated by three histidines and an aquo
or hydroxo moiety in an unusual pseudotetrahedral array,’
Although well-known for most transition metals, nitrosyl complexes
of copper are rare,”” and no mononuclear copper compound with
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Figure 1. ORTEP drawing of 1-C4H,,O showing 60% probability thermal
ellipsoids and atom labels for all non-hydrogen atoms (excluding Et,O
solvate molecule; atom labels for carbon atoms omitted for clarity).
Selected interatomic distances (A) and angles (deg) are as follows:
Cul-N11, 1.874 (9); Cul-N41, 1.883 (9); Cu2-N31, 1.882 (9); Cu2-
N61, 1.860 (8); Cu-Cu, 3.284 (8); N11-Cul-N41, 176.7 (4); N31-
Cu2-N61, 176.5 (4).

Figure 2. oRTEP drawing of 4-0.5C,H,, showing 40% probability thermal
ellipsoids and atom labels for all non-hydrogen atoms (excluding the
mesitylene solvate molecule). Selected interatomic distances (A) and
angles (deg) are as follows: Cul-N1, 1.759 (6); Cul-N11, 2.054 (5);
Cul-N21, 2.091 (5); Cul-N31, 2.044 (5); N1-Ol, 1.108 (7); Cul-
N1-01, 163.4 (6); N1-Cul-N11, 124.3 (2); N1-Cul-N21, 120.4 (2);
N1-Cul-N31, 124.6 (2); N11-Cul-N21l, 92.9 (2); N11-Cul-N31, 93.4
(2); N21-Cul-N31, 92.7 (2).

a terminal NO ligand has been isolated, We report the first
example of such a molecule, prepared by treatment of a novel
dicopper(I) complex with NO(g).

The reaction of TI{HB(z-Bupz);}'? with CuCl in THF yielded
colorless {{HB(¢-Bupz);JCu}, (1), an unusual dimer containing
linear 2-coordinate Cu(l) ions linked by n>-[HB(z-Bupz);]~ ligands

(10) Trofimenko, S.; Calabrese, J. C.; Thompson, J. S. Inorg. Chem. 1987,
26, 1507-1514.

0002-7863/92/1514-4407%03.00/0 © 1992 American Chemical Society



4408 J. Am, Chem. Soc. 1992, 114, 4408-4410

(Figure 1).'"'2 The structure, which differs from that of {{HB-
(pz);]Cu}, and {{HB(3,5-Me,pz);JCu},'? because of the nonco-
ordinated pyrazolyl rings, is retained in solution (MW mea-
surements'* and 'H NMR at -50 °C, with intramolecular ex-
change of bound and unbound pyrazolyl groups evident from
NMR peak broadening and coalescence at higher temperatures),

Complex 1 afforded monomeric, pseudotetrahedral {HB(:-
Bupz);JCuX species in the presence of added ligands {X =
CH,CN (2), CO (3), or NO (4)]."" Notably, treatment of a
colorless solution of compound 1 or 2 in aromatic solvent at room
temperature with NO (1 atm) yielded a deep red solution that
deposited [HB(#-Bupz);JCu(NO)-#S (4-1S; S = toluene, n = 1;
S = mesitylene, n = 0.5) as red prisms upon cooling to =20 °C."!
Identification of 4 as the first example of a molecule containing
a terminal nitrosyl ligand bonded to copper is based on observation
of a strong absorption in its FTIR spectrum at 1712 ecm™ {p(**NO)
= 1679 cm™'], hyperfine coupling of the unpaired electron to Cu
and NO in the X- and S-band EPR spectra of *NO and *"NO
adducts,'’ and a low-temperature (-101 °C) X-ray crystal
structure determination (Figure 2),'¢ Like most other transition
metal nitrosyls,!” the Cul-N1 distance in 4 is short [1.759 (6)
AjJ, indicating the presence of some degree of multiple bonding.
Small but significant bending of the unique, electron-rich {CuNO}!
unit {Cul-N1-Ol angle = 163,4 (6)°] suggests some occupation
of antibonding 7-type orbitals, however,'”s The overall geometry
about copper is approximately tetrahedral {dihedral angles = 90
(1)°], although intraligand angles between the pyrazole nitrogens
(N,,) are less than 109.5° (average N,,—~Cu-N,, = 93.0°), N1-
Cul-N,, angles are greater than that value (average = 123.1°),
and N1 resides 0,083 A from the normal of the plane defined by
the N, atoms.

Solutions of 4 are stable for weeks when stored at -20 °C, but
the UV-vis absorption features {A.,, (¢): 356 (1870), 490 (940)
nm] at room temperature bleached upon brief application of
vacuum or purging with argon, signaling ejection of NO (identified
by GC). Readdition of NO (1 atm) restored the original spectrum,
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implicating reversible binding of NO to either 1 or 2. In contrast,
displacement of NO from 4 by CO (1 atm) quantitatively (UV-
vis), rapidly, and irreversibly afforded 3. Complex 4 also im-
mediately reacted with O, at room temperature to yield [HB(z-
Bupz);]Cu(NQ,).!0.13

Complex 4 provides the first unequivocal chemical precedent
for NO coordination to isolated copper sites in proteins. Because
of its pseudotetrahedral geometry and biomimetic triad of het-
erocyclic N donor ligands, the compound is a particularly suitable
model for the A. cycloclastes NiR active site. Although it differs
from the proposed enzymatic nitrite dehydration product with
respect to oxidation level {{CuNO}!! for 4 vs {CuNO}'° proposed
for NiR]},? a species resembling 4 both in terms of structure and
lability of coordinated NO may be envisioned to arise either upon
one-electron reduction of the purported NiR nitrosonium inter-
mediate by the nearby type 1 copper center® or upon binding of
NO(g) to a previously reduced active site,” Such a species may
play a significant role in denitrification pathways,*? as well as
in nitrogen oxide reactions with other copper proteins,* Future
studies of the chemistry of 4 and other related molecules?® will
assess these possibilities.
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A number of polycyclic compounds possessing a cyclobutane,
such as endiandric acids A (1a),! B (1b),! and C (2),' tri-
hydroxydecipiadiene (3),? italicene (4a),’ and isoitalicene (4b),’
have been found in nature (Chart I). Although several methods
are available for the synthesis of cyclobutane derivatives having
a high degree of ring strain, {2 + 2] photocycloaddition is the most
common synthetic method for assembling the cyclobutane skel-
eton. Here we disclose a novel construction of polycyclic ring
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