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Copper(1) complexes of [Et,N(N,O,)]~ with tetradentate, tripodal ligands composed of 1,4,7-
triazacyclononanes with pyridine (L"), amide (L*4™H) or phenolate (L*?, R = Me or Bu' phenolate substituents)
groups as the fourth donor were prepared and characterized by spectroscopic and X-ray crystallographic
methods. Bidentate 0,0-coordination of [Et,N(N,O,)]~ was observed in the complexes supported by L? and
LHAmH but the stronger phenolate donor in L*? induced novel monodentate coordination via the terminal
oxygen atom, defined by X-ray crystallography for R = Bu'. Comparison of the bonding parameters of
[Et,N(N,0,)]™ when bound bidentate versus when bound monodentate revealed subtle but significant
differences in the N—O distances. The amount and rate of nitric oxide (NO) release from the compounds was
measured using a chemiluminescence detection method. Despite the differences in [Et,N(N,0,)]~ structural
parameters resulting from the divergent coordination modes, insignificant variation of the rates of NO release

therefrom were found.

The extensive biological effector properties and possible phar-
macological uses of nitric oxide (NO)! and its byproduct
peroxynitrite? (HOONO) derived from reaction of NO with
superoxide (O,”) continue to stimulate efforts to develop
reagents capable of generating NO under mild conditions for
selective delivery to biological targets. Important compounds
that readily release NO in aqueous solutions are the diaze-
niumdiolates (‘NONOates’), [R,N(N,0,)] ", the prototype
with R = Et (often referred to as DEA/NO) being among the
most thoroughly studied.* Versions of these molecules that
are O-alkylated® or coordinated to a metal ion®” have been
prepared in attempts to modulate their NO release rates. So
far, only bidentate coordination of [Et,N(N,O,)]” via its
oxygen atoms has been observed in its metal complexes. An
analogous metal binding mode also has been observed exclu-
sively for the related species [RN,0,]” (R = alkyl or Ph),%°
even when bound to a metalloporphyrin.'® In copper(ir) com-
plexes of [Et,N(N,0O,)]” that only have additional solvate
molecules as coligands,® the rate of NO release from the
bidentate NONOate is unperturbed from that of the simple
sodium salt, implicating rapid ligand loss prior to decomposi-
tion. We showed recently that a bidentate [Et,N(N,O,)]”
complex of Cu that is supported by 1,4,7-triisopropyl-1,4,7-
triazacyclononane (Li¥*3) evolves NO at a slightly slower rate
than the sodium salt, thus indicating a modest stabilizing
influence of the macrocyclic, multidentate coligand.”

In an extension of these studies of the Cu" coordination
chemistry of [Et,N(N,O,)]” in the presence of supporting
coligands that may influence its binding mode and the rate of
NO release, we decided to use tetradentate ligands of various
types in order to force the NONOate to coordinate in a pre-
viously unobserved monodentate geometry. Herein we report
synthetic, spectroscopic and X-ray crystallographic studies of
a series of new complexes of [Et,N(N,O,)]", including the
first example of a complex in which it coordinates via a single
oxygen atom. In addition, NO evolution rates from these
compounds were measured and compared using chemilumine-
scence detection methods.

Results and Discussion

Syntheses

The macrocyclic ligands with appended pyridyl (L*),'! phe-
nolate (LR?, R = Me or Bu'),'? and amide (L¥A™®)13 arms
were chosen because of their demonstrated ability to coordi-
nate to copper ions in tetradentate fashion. They were synthe-
sized as described previously.!'~'* The preparations of the
complexes of [Et,N(N,0,)]” involved either low-temperature
metathesis of the sodium salt with the appropriate
macrocycle-supported copper(ir) chloride complex or, in the
case of the amide-appended ligand LHA™H iy sity low-
temperature assembly of the sodium salt, CuCl, and LHAmH
followed by anion exchange (Scheme 1). The phenoxide start-
ing materials [L*?CuCI]PF, were reported previously,'? but
compound 1 is new. It was synthesized by mixing L?¥ with
Cu(l, followed by metathesis with NH,PF,. Compounds 1-4
were isolated in moderate to good yields as crystalline solids,
with the exception of 4, R = Bu', which was only obtained in
minute quantity, but still sufficient for identification by X-ray
crystallography, FTIR, UV/VIS and EPR spectroscopies, and
electrospray mass spectrometry. All other compounds were
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fully characterized by UV/VIS, FTIR and EPR spectro-
scopies, elemental analysis (CHN), mass spectrometry (except
for 2) and X-ray crystallography (except for 4, R = Me).

Structures

Representations of the X-ray crystal structures of 1-3 (cationic
portions only) and 4- CsH,, - 0.5C4,H,,0, (R = Bu!, including
C¢H;,0, portion) are shown in Fig. 1 and 2. Crystallographic
data appears in Table 1 and selected bond distances and
angles are listed in Table 2.

The structure of 1 [Fig. 1(a)] reveals binding of all four N
donors of the L ligand to give a five-coordinate Cu® ion in a
geometry intermediate between square pyramidal (sp) and tri-
gonal bipyramidal (tbp); T = 0.46, where values of 0 and 1 are
indicative of rigorous sp and tbp geometries, respectively.'*
This topology is intermediate between the environments of the
metal ions in like complexes of the tripod ligands TMPA
[tris(methylpyridyl)amine, <t = 1.01, pure tbp], BPQA
[bis(methylpyridyl)(methylquinolyl)amine, © = 0.19, slightly
distorted sp] and TMQA [tris(methylquinolyl)amine,
7 = 0.06, pure sp] studied by Karlin and coworkers.!> As
noted by Karlin, the often subtle geometric differences
between related ligand variants exerts considerable control
over Cuion structure.

In 2 bidentate coordination of [Et,N(N,0,)]” via its
oxygen atoms results in ejection of the soft pyridyl donor of
the L ligand [Fig. 1(b)]. The oxygen atoms, N(1) and N(4)
adopt the equatorial sites and N(7) resides at the axial posi-
tion [Cu—N(7) = 2.323(3) A] of the essentially square pyrami-
dal Cu" ion (r = 0.14), with the pyridine apparently pointing
toward the axial vacancy. However, the Cu---N(12) distance
is 2.659(3) A, significantly longer than expected for a bonding
interaction, and the nitrogen lone pair is not oriented appro-
priately for maximum bonding orbital overlap [the pyridine
ring plane is displaced from the Cu—N(12) vector]. A similar
situation occurs in 3 [Fig. 1(c)], where again [Et,N(N,0,)]~
coordinates in bidentate fashion to the equatorial sites of a
Cu" ion in a slightly distorted square pyrimidal coordination
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Fig. 1 Representations of the X-ray crystal structures of (a)
[LCuCl]PFs (1), (b) {L™Cu[Et,N(N,O0,)]}PF, (2), (o)
{LAAmHCy[Et,N(N,0,)]}BPh, (3) and (d) {L™"2Cu[Et,N-
(Nzoz)]} -0.5CsH,, - CH;,0, [4 (R = Bu')-0.5CsH,, - C¢H,,0,].
For (a)—(c), only the cationic portions are presented, while for (d) the
hydrogen-bonded solvate molecule is included. Except for the solvate
in (d), only non-hydrogen atoms are shown as 50% ellipsoids

environment (t = 0.20). While we have found that the amide
oxygen binds to the metal in other Cu" complexes of LHAmH
and similar amide-appendend ligands,'3 the preference of
[Et,N(N,0,)]” to act as a bidentate chelate and for Cu" to
adopt a five-coordinated geometry results in an insignificant
interaction between Cu and O(10) [distance = 2.616(2) A].
The tendency of [Et,N(N,O0,)]~ to coordinate in bidentate
fashion is finally offset by the strong donor capability of the
phenolate arm of the L®"2? ligand in 4 [Fig. 1(d)]. Only the
single terminal oxygen atom of [Et,N(N,O,)]” binds to the
copper ion via its anti lone pair. An essentially perfect square
pyramidal geometry is adopted (t = 0.01) in the complex, with
the equatorial positions occupied by the phenolate and
[Et,N(N,O,)]~ oxygen donor atoms and the two macrocyclic
N donors N(1) and N(3); the third N donor N(2) is axial
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Fig. 2 Comparison of the {Cu[Et,N(N,0,)]}* cores of (left)
{L*3Cu[Et,N(N,0,)]}O;SCF,,” 2 and 3, and (right) 4 (R = Bu)).
For the bidentate core on the left, average bond lengths are shown in
italics with ranges in brackets

[Cu—N(2) = 2.321(3) A]. As seen in other structures of Cu"
complexes of L*?,12 the copper phenolate Cu—O(1) distance
is short [1.916(3) A]. Interestingly, the uncoordinated
[Et,N(N,O,)]” oxygen atom O(3) is hydrogen-bonded
[O(3)---O(1S) = 2.055(3) A] to a solvate molecule identified
as 3-hydroxy-3-methyl-2-pentanone, the aldol condensation
product of the crystallization cosolvent acetone.

Comparison of the bonding parameters of [Et,N(N,O,)]™
when bound bidentate in {L¥*Cu[Et,N(N,0,)]}05SCF;,” 2
and 3 versus when bound monodentate in 4 reveals subtle but
significant differences (Fig. 2). While the Cu—O and N—N
distances are congruent among all the compounds, a change
in the N—O distances as a function of coordination mode is
evident. Thus, in the bidentate compounds the terminal N—O
bond length is slightly shorter (ave. ~0.02 A) than the internal
(Et,N)N—O distance, but in 4 the trend is reversed. An analo-
gous, although even greater, lengthening of the terminal and
shortening of the internal (Et,N)N—O bonds [1.399(4) A and
1.241(4) A, respectively] was seen upon regiospecific alkylation
of the terminal oxygen of [Et,N(N,0,)]".°> Thus, alkylation
and monodentate metalation of [Et,N(N,O,)]™ occur with
similar regiochemistry (terminal oxygen) and result in similar
structural perturbations, mitigated in 4 to some extent pre-
sumably because of the strong hydrogen-bonding interaction
with the internal oxygen and the less covalent Cu—O (vs.
C—O0) bond.

Spectroscopic properties

Spectral data acquired for 1-4 corroborate the X-ray crystal-
lographic results, particularly with respect to the
[Et,N(N,0,)]” binding mode in 2-4. All of the compounds
exhibit clean axial X-band EPR spectra consistent with five-
coordinate Cu species. Coordination of [Et,N(N,O,)]” is
indicated by appropriate parent ions in the electrospray mass
spectra of 3 and 4 (R = Me and Bu') and by intense bands
between 250 and 300 nm in the UV/VIS spectra of 24, but
these data do not allow mono- or bidentate binding to be
distinguished. In 3 and 4, however, spectral features due to the
respective amide or phenolate arms are diagnostic of their
coordination or lack thereof, which in turn allows the nature
of the [Et,N(N,0,)]” binding to be inferred. The position of
the sharp, intense amide carbonyl (‘amide I’) band in FTIR
spectra of complexes of LA™ indicates whether it is bound to
a Cull ion; when coordinated v,,;4.; & 1620 cm ™!, whereas
when free it shifts to ~1670 cm~!.!3 Observation of this
feature at 1679 cm~! for 3 as a KBr pellet confirms the

absence of coordination of the amide carbonyl determined
crystallographically. In 4, coordination of the phenolate arm
in MeOH solution is evident from the presence of a phenol-
ate » Cu! LMCT at ~500 nm (¢ 500-1000 M~ ! cm™1!) in
UV/VIS spectra.!? In view of the strong binding capability of
the macrocycles in L*? and the evidence for phenolate coordi-
nation, we conclude that the monodentate coordination of
[Et,N(N,O,)]” in 4 that was identified in the solid state is
retained in solution.

NO evolution

Nitric oxide release from compounds 2-4, as well as
Na[Et,N(N,0,)] itself and the previously studied
{L*3Cu[Et,N(N,0,)]}O;SCF;,” was quantitated under two
types of acidic conditions (0.1 M HCI and 1.0 M HOAc) and
at pH 7.4 (PBS buffer)!® using chemiluminescence detection.!”
The overall amount of NO released and pseudo-first-order
rate constants for NO evolution were determined at 37°C
(Table 3). More accurate determinations of the amount and
rate of NO release than possible in previous studies’ was
enabled through the use of a more sensitive instrument with a
smaller void volume. As a result, k., values differed from
those determined before with the less sensitive apparatus, par-
ticularly when NO generation was fast under acidic condi-
tions.

It is apparent upon consideration of the data in Table 3
that under acidic conditions the NO release rates generally
differ insignificantly among the parent Na[Et,N(N,0,)] and
the Cu" complexes, except for {L*3Cu[Et,N(N,0,)]}-
O;SCF; with no NaOH added, which releases NO = 10 times
slower in 1.0 M HOAc.!8 Rates of NO generation are slower
at pH 7.4 and show some divergences among the different
sources, with the slowest rate being from the previously
studied {L*3Cu[Et,N(N,0,)]}O;SCF; when 10 mM NaOH
was pre-added. Modest stabilization of [Et,N(N,O,)] ™ in this
complex thus is confirmed. Importantly, however, there does
not appear to be any correlation between the structural fea-
tures of the {Cu[Et,N(N,0,)]}* moiety in the series of com-
plexes and the rate of NO evolution, and there is little, if any,
stabilization of [Et,N(N,O,)]” in the new compounds rela-
tive to its sodium salt. Indeed, k,, for 3 is greater than for
Na[Et,N(N,O,)] at pH 7.4.

obs

Conclusions

Through spectral and X-ray crystallographic studies we have
found that bidentate coordination of [Et,N(N,0O,)]" is pre-
ferred for selected tetradentate, tripodal ligands composed of
1,4,7-triazacyclononanes with pyridine or amide groups as the
fourth donor. When a stronger phenolate ligand is appended
to the macrocycle, however, monodentate coordination was
accessed and structurally characterized for the first time.
Subtle but observable differences in certain bond lengths of
[Et,N(N,O,)]~ were found when it is coordinated to Cu" in
mono- versus bidentate fashion. To our disappointment, and
despite changes evident in NONOate structural parameters
resulting from divergent coordination modes, the rates of NO
release therefrom were found to vary insignificantly among
the various compounds. These findings imply that simple
coordination chemistry considerations are of limited impor-
tance in design efforts aimed at controlling NO release rates
by metal-NONOate compounds, at least for those complexes
we have studied so far.

Experimental

Unless otherwise noted, all reagents, solvents and gases used
were obtained commercially and were of analytical grade.
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Table 2 Selected bond distances (A) and angles (°) for crystallographically characterized compounds®

[LP*CuCI]PF, (1)

Cu(1)—N(10) 2.038(2) Cu(1)—N(1) 2.062(2)
Cu(1)—N(7) 2.137(2) Cu(1)—N(4) 2.212(2)
Cu(1)—ClI(1) 2.2640(7)

N(10)—Cu(1)—N(1) 81.93(8) N(10)—Cu(1)—N(7) 148.92(8)
N(1)—Cu(1)—N(7) 83.65(8) N(10)—Cu(1)—N(4) 118.96(8)
N(1)—Cu(1)—N(@4) 83.74(8) N(7)—Cu(1)—N(@4) 86.45(8)
N(10)—Cu(1)—Cl(1) 95.28(6) N(1)—Cu(1)—Cl(1) 176.51(6)
N(7)—Cu(1)—CL(1) 99.79(6) N(4)—Cu(1)—CI(1) 95.85(5)
{LPCu[Et,N(N,0,)]}PF, (2)

Cu(1)—0(1) 1.955(3) Cu(1)—0(2) 1.975(3)
Cu(1)—N(1) 2.047(3) Cu(1)—N(@4) 2.054(4)
Cu(1)—N(7) 2.323(3) O(1)—N(1A) 1.297(5)
0(2)—N(2A) 1.321(4) N(1A)—N(24A) 1.282(5)
N(2A)—N(@3A) 1.448(6)

0O(1)—Cu(1)—0(2) 80.03(12) 0O(1)—Cu(1)—N(1) 163.94(13)
0(2)—Cu(1)—N(1) 98.98(14) 0O(1)—Cu(1)—N(4) 96.77(13)
0O(2)—Cu(1)—N(4) 172.57(14) N(1)—Cu(1)—N@4) 85.9(2)
0O(1)—Cu(1)—N(7) 112.54(12) 0(2)—Cu(1)—N(7) 90.76(14)
N(1)—Cu(1)—N(7) 83.46(13) N(4)—Cu(1)—N(7) 84.26(14)
N(1A)—O(1)—Cu(1) 115.02) N(2A)—O(2)—Cu(1) 107.7(2)
N(2A)—N(1A)—O(1) 112.903) N(1A)—N(A)—O0(2) 124.1(4)
N(1A)—N(2A)—N(3A) 117.6(4) 0(2)—N(2A)—N(34A) 118.3(4)
{LPA™MCu[Et,N(N,0,)]}BPh, (3)

Cu(1)—O(2A) 1.951(2) Cu(1)—O(1A) 1.964(2)
Cu(1)—N(7) 2.050(3) Cu(1)—N(1) 2.061(3)
Cu(1)—N(4) 2.277(3) O(1A)—N(1A) 1.308(4)
0O(2A)—N(2A) 1.323(3) N(1A)—N(24) 1.285(4)
N(2A)—N(@3A) 1.421(4)

0O(2A)—Cu(1)—O(1A) 80.25(10) 0O(2A)—Cu(1)—N(7) 95.79(10)
O(1A)—Cu(1)—N(7) 174.35(11) 0O(2A)—Cu(1)—N(1) 162.25(10)
O(1A)—Cu(1)—N(1) 98.99(10) N(7)—Cu(1)—N(1) 86.01(11)
O(2A)—Cu(1)—N(4) 114.15(10) O(1A)—Cu(1)—N(4) 92.48(10)
N(7)—Cu(1)—N(4) 85.43(10) N(1)—Cu(1)—N(4) 83.59(10)
N(1A)—O(1A)—Cu(1) 113.8(2) N(2A)—O(2A)—Cu(1) 107.6(2)
N(2A)—N(1A)—O(1A) 112.1(3) N(1A)—N(2A)—O0(2A) 124.2(3)
N(1A)—N(2A)—N(34A) 117.03) 0(2A)—N(2A)—N(3A) 118.8(3)
{L‘B“2Cu[Et2N(N202)]} 0.5CsH,, - C¢H,,0, (4-0.5CsH,, - CeH,,0,)

Cu(1)—0(1) 1.916(3) Cu(1)—0(2) 1.942(2)
Cu(1)—N(1) 2.047(2) Cu(1)—N(@3) 2.107(3)
Cu(1)—N(2) 2.321(3) 0(2)—N(4) 1.323(3)
0(3)—N(5) 1.289(3) N(4)—N(5) 1.284(3)
N(5)—N(6) 1.436(3)

0O(1)—Cu(1)—0(2) 91.38(8) O(1)—Cu(1)—N(1) 94.14(9)
0(2)—Cu(1)—N(1) 171.69(9) 0O(1)—Cu(1)—N(3) 170.95(10)
0O(2)—Cu(1)—N(3) 89.41(9) N(1)—Cu(1)—N(@3) 84.17(10)
0O(1)—Cu(1)—N(2) 104.68(9) 0(2)—Cu(1)—N(2) 101.67(9)
N(1)—Cu(1)—N(2) 82.93(10) N(3)—Cu(1)—N(2) 83.98(10)
N(@4)—O0(2)—Cu(1) 114.8(2) N(5)—N@)—0(2) 110.7(2)
N(4)—N(5)—0(3) 127.1(2) N(4)—N(5)—N(6) 112.4(2)
0(3)—N(5)—N(6) 120.4(2)

¢ Estimated standard deviations indicated in parentheses.

When necessary, solvents were dried according to published
procedures and distilled under N, immediately prior to use.
All air-sensitive reactions were performed either in a Vacuum
Atmospheres inert-atmosphere glovebox under a N, atmo-
sphere or by using standard Schlenk and vacuum line tech-
niques. Na[Et,N(N,0,)],*> L™,!! and L**CuCl (R = Me or
Bu")!? were synthesized according to published procedures.
LHAmH yas supplied by Dr. Lisa M. Berreau.!® Elemental
analyses were performed by Atlantic Microlabs of Norcross,
GA. FTIR spectra were recorded on a Perkin Elmer 1600

Series FTIR spectrophotometer as KBr pellets. Electronic
absorption spectra were recorded on a Hewlett-Packard
HP8452A spectrophotometer (190-820 nm scan range) inter-
faced with a microcomputer for data acquisition and analysis.
X-Band EPR spectra were recorded on a Bruker ESP300
spectrometer fitted with a liquid nitrogen finger dewar (77 K,
~9.44 GHz). Electrospray ionization (ESI) mass spectral data
were collected using a Sciex API III or Finnigan Triple Stage
Quadrupole Electrospray Ionization Mass Spectrometer; fast
atom bombardment (FAB) data were acquired using a VG
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Table 3 Quantitation of nitric oxide (NO) release amounts and rates®

0.1 M HCI 1.0 M HOAc PBS Buffer

Compound % NO
(Solvent system) released® kype/s 1 ty/s kype/s 1 ty/s kope/s ™ ty/s
Na[Et,N(N,0,)] 80(3) 0.10(2) 6.9 0.11(1) 6.3 0.0033(4) 210

(10 mM NaOH) [0.043(4)]¢ [0.053(5)]¢ [0.028(4)]°
Na[Et,N(N,0,)] 88(4) 0.10(1) 6.9 0.10(4) 6.9 0.0029(1) 239
{Li"3Cu[Et,N(N,0,)]} * 94(6) 0.083(3) 8.3 0.089(4) 7.8 0.0013(4) 533

(MeOH, 10 mM OH ) [0.043(4)]¢ [0.022(3)]¢ [0.012(1)]¢
{Li"3Cu[Et,N(N,0,)]} * 97(5) 0.086(7) 8.0 0.011(1) 63 0.0040(5) 173
2 90(2) 0.089(1) 7.8 0.094(3) 7.4 0.0031(1) 23
(MeOH, 10 mM OH ~)?
2 74(3) 0.13(1) 53 0.12(1) 58 0.0040(1) 173
3 9202) 0.14(1) 49 0.13(1) 53 0.0073(9) 95
4 (R = Me) 59(4) 0.11(1) 6.3 0.12(1) 58 0.0032(2) 217
4 (R = Bu) 74(3) 0.091(9) 7.6 0.090(4) 7.7 0.0042(4) 165

@ All experiments performed in MeOH solution unless indicated otherwise. See experimental section for details. ® % based on release in 0.1 M
HCI. ¢ Data reported determined previously’ using a different chemiluminescence instrument. ¢ The complex was dissolved in minimal MeOH

(~20 pL) and diluted with 10 mM NaOH.

7070E-HF instrument. ESI samples were injected via syringe
pump (20 pL min~!) and spectra acquired using a 1 s scan
time as described elsewhere.®

Preparations

[LP*CuCl]PF, (1). A solution of L* (70 mg, 0.23 mmol) in
CH,O0H (2 cm®) was treated with a solution of anhydrous
CuCl, (30 mg, 0.22 mmol) in CH;OH (3 cm?). The resultant
blue solution was treated with an excess of NH,PF, (0.50 g),
causing the deposition of the product as blue microcrystals.
Recrystallization from CH,Cl,-Et,O afforded the pure
product as blue needles (77 mg, 63%). Found: C, 39.42; H,
5.86; N, 10.15; C,4H;,N,F PCICu requires C, 39.42; H, 5.88;
N, 10.22; A, /nm (CH,Cl,) 296 (¢/dm?® mol~! cm™! 7100),
672 (170), 770 (170); v/em~* 3092, 2980, 1609, 1492, 1387,
1307, 1175, 1069, 953, 837 (PF¢™), 780, 559 (PF,); EPR (1:1
CH,Cl,~toluene, 9.46 GHz, 77 K) g, =222, Af*>=155
x 107* ecm™1, g, = 2.03; m/z (FAB, MBNA matrix) 402 (M
— PFy), 367 (M — Cl — PFy). Crystals suitable for X-ray dif-
fraction were obtained by diffusion of Et,O into a solution of
the complex in CH;CN.

{LPCu[Et,N(N,0,)1}PF¢ (2). Na[Et,N(N,0,)] (127 mg,
0.820 mmol) was dissolved under nitrogen in dry, degassed
MeOH (1 cm?) and cooled to —45°C. To this solution was
added a solution of [L?*CuCI]PF, (30 mg, 0.0547 mmol) in
CH,CI, (1 cm®) at —45°C. As the mixture was stirred for 1 h
at —45°C, it changed from blue to green-blue. The solvent
was removed under reduced pressure to yield a green-blue
residue, which was dissolved in acetone (1-2 cm?®). Et,O was
allowed to diffuse into the solution at 4 °C, resulting in deposi-
tion of green clusters of crystalline product (0.0353 g, 69%).
Found: C, 4092; H, 6.29; N, 14.84; C,,H,,CuF;N,O,P
requires C, 40.96; H, 6.56; N, 15.20; A,,/nm (MeOH) 258
(e/dm® mol~* cm ™! 8000), 284 (4500), 670 (60); v/ecm~* 2931,
1595, 1461, 1384, 1278, 1166, 1060, 941, 842 (PFy™), 562
(PF¢7); EPR (1:1 CH,Cl,~toluene, 9.44 GHz, 77 K) g, =
2.26,g, = 2.06, AJ* =161 x 10"*cm ™",

{LHA=HCy [Et,N(N,0,)]}BPh, (3). CuCl, (289 mg, 0.215
mmol) was dissolved under nitrogen in dry, degassed MeOH
(3—4 cm?) and cooled to —50°C. To this solution was added a
solution of Na[Et,N(N,0,)] (40 mg, 0.26 mmol) in MeOH (2
cm?) cooled to —45°C. As the mixture was stirred for 15 min,
it changed from pale yellow-green to bright lime-green, LHAmH
(0.0702 g, 0.215 mmol) dissolved in MeOH (4 cm?®) was added
dropwise to the reaction mixture. As the mixture was stirred
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for 15 min, it changed from bright lime-green to bright blue-
green. After warming to —30°C, a solution of NaBPh, (88
mg, 0.26 mmol) dissolved in MeOH (1 ¢cm?®) was added drop-
wise to the reaction mixture to induce precipitation of a blue
solid. Acetone (~0.5 cm®) was added until the precipitate just
dissolved. Upon standing at —20°C the product crystallized
as green clusters (0.115 g, 64%). Found: C, 65.96; H, 8.02; N,
11.76; C,cHggBCuN,O;5 requires C, 65.66; H, 8.15; N, 11.65;
Amar/IM (MeOH) 228 (g/dm3 mol ™! cm ™! 24000), 266 (7800),
274 (6400), 288 (3900), 656 (40); v/em ™! 3372 (N—H), 3052,
2982, 2871, 1679 (C=0), 1529, 1477, 1548, 1378, 1293, 1264,
1216, 1202, 1174, 1131, 1063, 1035, 955, 934, 870, 844, 801,
736, 708, 610, 528, 505, 469; EPR (1 : 1 CH,Cl,~toluene, 9.44
GHz, 77 K) g, =226, g, =206, Af* =168 x 10™* cm™';
m/z (ESI, acetone) 521 (M — BPh,), 389 [M — (Et,N)N,O,
— BPh,]. Crystals suitable for X-ray crystallography were
grown from acetone-Et,O.

{IMe2Cu[Et,N(N,0,)]} (4, R=Me). To a solution of
LMe2CuCl (60 mg, 0.135 mmol) dissolved under nitrogen in
dry, degassed MeOH (2-3 cm?) at —30°C was added a solu-
tion of Na[Et,N(N,0,)] (31 mg, 0.20 mmol) in MeOH (2
cm?®) at —30°C. As the mixture was stirred for ~30 min at
—30°C, it changed from dark purple to brown. The solvent
was removed under reduced pressure, the brown residue was
dissolved in acetone (3 cm?) that had been predried over 4 A
molecular sieves, and pentane was allowed to diffuse in at
—20°C. After ~1-2 days, a tan precipitate formed, which was
removed via filtration through a celite. Subsequent diffusion of
pentane into the filtrate at —20 °C led to the deposition of the
product as brown crystals (0.023 g, 38%). Found: C, 53.35; H,
8.66; N, 13.45; C,;H,(N;CuO; - (CH;OH), requires C, 53.49;
H, 8.98; N, 13.86; the presence of the MeOH solvate is cor-
roborated by FTIR; A, /nm (MeOH) 242 (¢/dm*® mol~!
cm ™! 10800), 282 (5600), 496 (640), 668 (sh), (160); v/cm ™!
3417 (MeOH), 2968, 2912, 1712, 1473, 1389, 1325, 1270, 1164,
1059, 974, 863, 800, 764; EPR (1:1 MeOH-toluene, 9.44
GHz, 77 K) g, =2.26, g, =205, Af* =160 x 10™* cm™';
m/z (ESI, MeOH) 542 ([M + H]*, 7), 389 ([LM*2Cu], 100).

{L®*2Cu[Et,N(N,0,)]} (4, R=Bu'). Method A:
L®*2CuCl (0.051 g, 0.096 mmol) was dissolved in dry,
degassed methanol (2 cm®. A similar solution of
Na[Et,N(N,0,)] (0.0224 g, 0.144 mmol) in MeOH (2 cm?)
cooled to —30°C was added to the purple copper solution.
The solution immediately turned brown and was stirred for 1
h at —30°C. The solvent was removed under reduced pres-



sure. The resultant brown residue was dissolved in acetone (2
cm?) that had been predried over 4 A molecular sieves.
Pentane was diffused into this solution at —20 °C. The brown
solution was separated from a white solid that had precipi-
tated overnight. Pentane (=10 cm®) was gently layered on the
brown solution. After about 1 week at —20°C, X-ray quality
crystals deposited. Method B: Na[Et,N(N,O,)] (0.0627 g,
0.404 mmol) was dissolved in acetone (2 cm®) that had been
predried over 4 A molecular sieves. A similar solution of
LB*2CuCl (0.214 g, 0.404 mmol) in acetone (4 cm®) cooled to
—50°C was added to the Na[Et,N(N,O,)] solution. The
solution immediately turned brown and was stirred for 30 min
at —50°C before concentrating the solution under reduced
pressure to 1-2 cm3. The mixture was filtered through celite
and the remaining solid was washed with acetone (1-2 cm?3).
The brown filtrate was concentrated to ~1 cm?. Pentane (3
cm?®) was layered on the solution, which was subsequently
placed in a —20°C freezer. The brown filtrate was separated
from a brown and purple solid that precipitated after 4-5
days. The filtrate was concentrated to dryness. The brown
powder was redissolved in THF (1 cm®) and layered with
pentane (3.5 cm?). After about 1 week, crystals deposited at
the edge of the solution (&5 mg). Large quantities of material
were not obtained with either method. A,,,/nm (MeOH) 244
(e/dm® mol~! cm~112000), 284 (7300), 322 (3500), 518 (900),
686 (300); v/cm ™! 3449 (C.H,,0,), 2963, 2862, 1624, 1469,
1416, 1388, 1371, 1316, 1295, 1243, 1173, 1133, 1107, 1082,
1071; EPR (1:1 MeOH-toluene, 9.44 GHz, 77 K) g, = 2.25,
g, =204, A® =179 x 10°* em™'; m/z (ESI, MeOH) 626
(M + H]%, 32), 493 ([L'®*2Cu], 100).

Analysis of NO evolution

The compounds were tested for NO release under various
conditions using a Sievers 280 Chemiluminescence Nitric
Oxide Analyzer. The chemiluminescence due to the decay of
the product of the trapping of NO with O; is converted into a
mV signal that is plotted versus time. The correspondence of
the signal to the moles of NO was obtained by calibration
using a 2.0 mM PBS buffer (pH 7.4) solution of NaNO, . For
a typical calibration, a solution of 1:1:0.1 M HCI-0.56 M
KI (1.5 cm®) was added to a 3 cm? reaction vial, and it was
sealed with a open-top cap adapted with a teflon-rubber-
sealed septum. A stainless steel needle with a positive flow of
nitrogen was inserted into the vial along with a second needle
that was connected to the instrument. The solution was
purged with nitrogen and equilibrated at 37 °C for 4-6 min.
Measured additions of the NaNO, solution were then added
to the vial via a gas-tight syringe. The area under the chemilu-
minescence signal curve was determined for each incremental
injection. Since NaNO, releases NO in a 1: 1 stoichiometry
and the amount injected was known, the observed areas can
be directly correlated to the nmols of NO being introduced
into the instrument. A plot of area under the curve versus
nmols of NO was shown to be linear in the 10-70 nmol range.
This plot was then used to determine the amount of NO rel-
eased from the compounds of interest. The NO release profile
for the compounds was obtained by injecting 30 puL of a stock
solution of each species into a degassed solution at 37 °C that
contained 0.1 HCl, 1.0 M HOACc or PBS buffer (pH 7.4). The
stock solutions prepared with the indicated solvent system
ranged from 0.60-2.6 mM. Table 3 lists the median percent of
NO released from the compounds after injection into 0.1 M
HCI for at least three replicate trials based on two mols of
NO per mol of compound. The standard deviations indicated
in parentheses were estimated from the variance in the trials.
The rate constants for NO release were obtained by plotting
the area under the chemiluminescence response curve versus
time and fitting the exponential using the KaleidaGraph
program. The exponential was fit (R = 0.988) over at least two

half-lives. Rate constants listed in Table 3 are the median k
from at least three replicate trials; the standard deviations
indicated in parentheses were estimated from the variance in
the trials.

Crystallography

Data collection. Single crystals of [LPCuCI]PF, (1,
0.50 x 0.45 x 024 mm), {L®Cu[Et,N(N,0,)]}PF, (2,
0.45 x 025 x 022 mm), {L*4=HCu[Et,N(N,0,)]1}BPh, (3,
0.48 x 0.38 x 006 mm) and {L®“>Cu[Et,N(N,0,)]}"
0.5CsH,,-C¢H;,0, (4, 0.5C;H,, -CcH,,0,, 0.46 x 0.35 x
0.06 mm) were attached to glass fibers and mounted on the
Siemens SMART system for data collection at 173(2) K.
Initial sets of cell constants were calculated from reflections
harvested from three sets of 20—30 frames oriented such that
orthogonal wedges of reciprocal space were surveyed. Final
cell constants were calculated from 8192, 6462, 8192 or 7679
strong reflections, respectively, from the actual data collection.
Data were collected via the hemisphere collection method,
whereby a randomly oriented region of reciprocal space was
surveyed to the extent of 1.3 hemispheres to a resolution of
0.87 A. Three major swaths of frames with 0.30° steps in ®
were collected. Crystallographic data and experimental details
for all of the structures are listed in Table 1.

Structure solution and refinement. For each structure, a suc-
cessful direct-methods solution was calculated that provided
most non-hydrogen atoms from the E-map. Several full-
matrix least squares/difference Fourier cycles were performed
to locate the remainder of the non-hydrogen atoms. All non-
hydrogen atoms were refined with anisotropic displacement
parameters, and all hydrogen atoms (except where noted
below) were placed in ideal positions and refined as riding
atoms with individual (or group, if appropriate) isotropic dis-
placement parameters. All calculations were performed using
SGI INDY R4400-SC or Pentium computers using the
SHELXTL V5.0 suit of programs.2°

In the cases of 2 and 3, one ethyl group of the
[Et,N(N,0O,)]” ligand was found to be disordered over two
positions, with  respective  occupancies of  0.59(1)
[C(25)—C(26)]/0.41(1) [C(25")—C(26')] and 0.80(1) [C(24)—
C(25)]1/0.20(1) [C24")—C(25)]. Constraints were applied to the
C—C bond lengths and the anisotropic displacement param-
eters for each atom in the disordered group. In the latter
structure, the amido H atom (H10) was located and refined
anisotropically.

In the case of 4-0.5CsH,, - C¢H,,0,, the asymmetric unit
was found to contain a half molecule of pentane disordered
near an inversion center and an unexpected molecule assigned
as the aldol condensation product C¢H;,0, of acetone that
was used during the crystallization. This assignment is based
on the reasonable bond distances and angles within the mol-
ecule and the acceptable displacement parameters of the
atoms. A total of 32 restraints (SIMU, DELU, DFIX) were
applied to the two solvent molecules (see Supporting
Information).
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