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The wide-ranging biological effects and potential pharma-
cological implications of nitric oxide (NO)1 have stimulated
interest in developing prodrugs that evolve NO in a controlled
manner in aqueous solution.2 Important examples are the
[R2N(N2O2)]- ions (NONOates),3,4 which have been shown to
regenerate 2 equiv of bioactive NO spontaneously in H2O at
rates that depend on pH and the nature of the R groups.5 In
one strategy to further control NO release rates and increase
target specificity, derivatives of these ions were prepared in
which the oxygen atoms were alkylated6 or metalated.7,8 Of
note with regard to the latter are several structurally character-
ized copper complexes of [Et2N(N2O2)]-, either homoleptic or
having solvent coligands, that are stable in nonaqueous solvents.7

However, these typically polynuclear complexes are reported
to decompose in H2O at the same rate as the parent sodium
salt, implicating rapid displacement of the NONOate from the
metal ion and subsequent NO release via hydrolysis of the free
ligand. We hypothesized that, by using an appropriate coligand-
(s), copper complexes of NONOates with increased stability
and, thus, greater potential as prodrugs for controlled and
selective NO release might be accessible. We report that the
sterically hindered 1,4,7-triisopropyl-1,4,7-triazacyclononane

(LiPr3)9 enables the preparation of a unique mononuclear copper
complex of [Et2N(N2O2)]- that exhibits enhanced stability in
aqueous solution at 37°C but which can be induced to rapidly
evolve NO through the addition of acid or thiols.
Admixture of solutions of [LiPr3Cu(H2O)(O3SCF3)]O3SCF310

and Na[Et2N(N2O2)] (1.8 equiv) in MeOH at-35 °C afforded
a deep blue-green solution and a green precipitate after 30 min.
The precipitate (obtained in low and variable yields) was
identified as the carbonate complex [(LiPr3Cu)2(µ-η1:η2-
CO3)(H2O)](O3SCF3)2, 1 (Scheme 1), by comparison of its UV-
vis and IR spectra to those of independently synthesized material
that was structurally characterized by X-ray crystallography.11

Removal of solvent from the blue-green solution and crystal-
lization from acetone/Et2O at -20 °C yielded {LiPr3Cu-
[Et2N(N2O2)]}O3SCF3, 2, in 49% yield after 3-5 days.12 Close
inspection revealed that the product consisted of a mixture of
crystals of two different colors, blue and blue-green. Separate
X-ray structure determinations on a crystal of each type revealed
them to be slightly different morphological forms of the same
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compound; a view of the molecule in the blue crystal is shown
in Figure 1.13 As in other complexes of analogous higher order
nitrogen oxides,7,8 the [Et2N(N2O2)]- anion coordinates to
copper via both oxygen atoms [Cu-O(1) ) 1.974(4) Å, Cu-
O(2)) 1.980(4) Å]. The blue and blue-green crystalline forms
have almost identical molecular structures, with only slight
differences apparent in their metal ion geometries; both are best
described as distorted square pyramidal, but with minor
divergences in interligand bond angles that are reflected in their
τ values (τ ) 0.31 for the blue crystal versusτ ) 0.48 for the
blue-green crystal, whereτ ) 0 or 1.0 for idealized square
pyramidal or trigonal bipyramidal geometries, respectively).14

Although2 is stable for long periods at ambient temperature
as a crystalline solid or in deionized aqueous solution at pH
>7, rapid evolution of NO (∼80% yield based on a maximum
of 2 equiv/complex) occurs upon addition of protonic acids
(HCl, HOAc) or thiols (EtSH, C6F5SH). The copper-containing
coproduct in the case when HOAc was used was identified as
[L iPr3Cu(OAc)]O3SCF3 (3), the X-ray crystal structure of which
revealedη2-binding of the acetate anion to a square pyramidal
Cu(II) center.15 To compare the rates of NO release from2
and Na[Et2N(N2O2)], NO evolution from solutions of these
species was monitored as a function of time using chemilumi-
nescence detection.16 Pseudo-first-order rate constants for the
decay of2 and the parent NONOate salt at 37°C were calculated
from the slopes of linear plots of ln[(A∞ - At)/(A∞ - A0)] vs
time (s) from data obtained over 3-4 half-lives (A) area under
chemiluminescence response curve in mV‚s; see Supporting
Information). The observed rate constants were essentially
identical in 0.1 M HCl [k(2) ) k(NONOate)) 4.3(4)× 10-2

s-1], but 2 decomposed half as fast in 0.1 M HOAc [k(2) )
2.2(3)× 10-2 s-1, k(NONOate)) 5.3(5)× 10-2 s-1] or PBS
buffer (pH 7.4)17 [k(2) ) 1.2(1)× 10-3 s-1, k(NONOate))
2.8(4)× 10-3 s-1]. This divergence in NO evolution rates,
although not large, nonetheless verifies the enhanced stability
of 2. In addition, it implies a decomposition mechanism for2
different from that postulated for other copper complexes of
[Et2N(N2O2)]-,7 which evolve NO in H2O via rapid ligand
dissociation and subsequent hydrolysis at the same rate as the
parent sodium salt. Future research will focus on unraveling
the mechanism of decomposition of2 and on developing even
more “tunable” NO-releasing prodrugs through strategic de-
rivatizations of the NONOate and the supporting triazacy-
clononane ligands.
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Figure 1. Representation of the cation in the X-ray crystal structure
of the blue form of{LiPr3Cu[η2-Et2N(N2O2)O,O]}O3SCF3, 2 (50%
thermal ellipsoids; all hydrogen atoms omitted for clarity). Selected
bond distances (Å) and angles (deg): Cu-O(1), 1.974(4); Cu-O(2),
1.980(4); Cu-N(1), 2.061(4); Cu-N(2), 2.024(5); Cu-N(3), 2.235-
(5); O(1)-N(4), 1.302(6); O(2)-N(5), 1.317(6); N(4)-N(5), 1.277-
(7); N(5)-N(6), 1.417(7); O(1)-Cu-O(2), 79.1(2); O(1)-Cu-N(2),
176.6(2); O(2)-Cu-N(2), 97.8(2); O(1)-Cu-N(1), 96.7; O(2)-Cu-
N(1), 158.0(2); O(1)-Cu-N(3), 94.3(2); O(2)-Cu-N(3), 115.2(2);
N(5)-N(4)-O(1), 112.8(4); N(4)-N(5)-O(2), 123.9(5); N(4)-N(5)-
N(6), 116.3(5); N(4)-O(1)-Cu, 115.2(3); N(5)-O(2)-Cu, 108.7(3).
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