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Abstract

Several nitrosyl complexes of Fe and Co have been prepared using the sterically hindered Ar-
nacnac ligand (Ar-nacnac = anion of [(2,6-diisopropylphenyl)NC(Me)],CH). The dinitrosyl iron
complexes, [Fe(NO),(Ar-nacnac)] (1) and (BugN)[Fe(NO),(Ar-nacnac)] (2) react with
[Fe!'l[(TPP)CI] (TPP = tetraphenylporphine dianion) to generate [Fe!!(TPP)(NO)] and the
corresponding mononitrosyl iron complexes. The factors governing NO-transfer with DNICs 1
and 2 are evaluated, together with the chemistry of the related mononitrosy! iron complex,
[Fe(NO)Br(Ar-nacnac)], 4. The synthesis and properties of the related cobalt dinitrosyl
[Co(NO),(Ar-nacnac)], 3, is also discussed for comparison to DNICs 1 and 2. The solid-state
structures of several of these compounds as determined by X-ray crystallography are reported.

INTRODUCTION

The potential for dinitrosyl iron complexes (DNICs) to serve as storage and transfer units for
nitric oxide in vivo has stimulated interest in biomimetic chemistry that reveals the
principles underlying such reactivity.! Much of this interest stems from the demonstration
that DNICs can participate in a host of physiological processes normally mediated by NO
gas.2-8 DNICs also hold promise as therapeutic delivery agents of NO.%-14 The release of
free NO by iron nitrosyls has been examined in detail, yet very little work has been devoted
to understanding the mechanism of NO-transfer from DNICs.1°-18 In a biological context,
the transfer of NO can be tedious to study since the nature of a DNIC can be difficult to
ascertain. Broadly defined, dinitrosyl iron complexes are any member of a class of
compounds containing the {Fe(NO),} unit,19 although the moniker DNIC is typically
reserved for thiolate-bound, mononuclear complexes of the type [Fe(NO),(SR),]~.20,2
Biologically, the SR anion typically derives from cysteinate residues in proteins or mobile
units such as glutathione, although examples of biological DNICs with non-thiolate ligands
are also known.22,23

Formation of DNICs in vivo occurs through interaction of NO with chelatable pools of
ferrous iron24 or by attack of NO on protein-based iron centers such as iron-sulfur clusters.
2531 Mononuclear DNICs that result are denoted {Fe(NO),}° in the Enemark-Feltham
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notation3? and display a characteristic gayg = 2.03 EPR signal arising from an S =%
groundstate.33 The precise electronic structure of {Fe(NO),}° DNICs remains a point of
contention, and descriptions ranging from {HS-Fe(1)}{2(NO-)},, to {HS-Fe(l11)}-
{3(NO)},, to {Fe(-N}<{1(NO™)},, where HS denotes “high-spin,” have been proffered.
34.39 A more detailed knowledge of DNIC electronic structure is important for
understanding both the nature of the metal-nitrosyl bond and the mechanism of NO transfer.
Such information would also facilitate comparison with the chemistry of nitrosothiols,
which are generally agreed to play an important role in NO-mediated processes.40,41

Implicit to a discussion of NO-transfer reactivity is the question of NO redox state. Three
different scenarios are possible for transfer of the nitrosyl group from donor to acceptor,
formally involving NO*, NO-, and NO~ and resulting in oxidative nitrosylation (nitrosation),
nitrosylation, or reductive nitrosylation of the acceptor moiety, respectively (Scheme 1).
With nitrosothiols, reductive nitrosylation is unlikely because the reaction would require
formation of RS*. With metal-nitrosyls, however, transfer of each redox form of NO must
be considered. An added layer of complexity to the chemistry of DNICs is their ability to
participate in redox chemistry prior to NO transfer. DNICs containing the {Fe(NO),}° unit
display an electrochemically reversible one-electron reduction to the diamagnetic
{Fe(NO),}10 state. With wt-acidic ligands such as carbonyls, phosphines, and certain
nitrogen-based ligands, such reduced species have been isolated and characterized.*2 With
thiolate (RS™) ligands, however, chemical reduction of the {Fe(NO),}° DNIC leads to
dissociation of disulfide (RSSR) and dimerization to form a valence delocalized
{Fe(NO),}°-{Fe(NO),}10 species.*3 44

Recently, we reported the synthesis of a pair of homologous DNIC redox partners,
{Fe(NO),}%10 containing a sterically hindered p-diketiminate ligand (Chart 1, compounds 1
and 2).%° The identical ligand sets in these DNICs permit an evaluation of the effect that iron
redox state plays on their structures and reactivity. One very interesting observation from
this study is that the isomer shifts (8) in the Mdssbauer spectra of the two DNICs are nearly
identical, 6 0.19(2) and 0.23(2) mm/s for 1 and 2, respectively, which is unexpected for a
metal-centered reduction.3* This result clearly reveals the intricate nature of the electronic
structure of {Fe(NO),} units and indicates that redox reactions of DNICs are more complex
than anticipated from simple metal-based processes.

In the present work we have used these well-defined dinitrosyl iron complexes to investigate
the mechanism of NO-transfer. The p-diketiminate ligand, Ar-nacnac (Ar = 2,6-
diisopropylphenyl),46,47 is critical to this study because it helps stabilize both the DNIC
starting materials and the products of NO-transfer. Moreover, the nitrogen-rich coordination
environment afforded by the Ar-nancac ligand is a reasonable approximation of the histidine
residue N-donor atoms.*8,49

Dinitrosyl Complexes

The synthesis and characterization of DNICs 1 and 2 were described previously.*® Each
compound has pseudo-tetrahedral coordination geometry with the {Fe(NO),} unit residing
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in a pocket created by the sterically demanding diisopropylphenyl substituents. Compounds
1and 2 are thermally robust and display sharp melting points at temperatures above 150 °C.
Compound 1 is stable in air for short periods of time whereas compound 2 oxidizes rapidly
in the presence of dioxygen to generate 1 (Figure S1). Both compounds display an
electrochemically reversible one-electron couple at —=1.34 V vs Fc/Fc* in tetrahydrofuran
(Figure S2). This potential is higher than that observed for DNICs containing thiolate
ligands, reflecting the neutral character of 1. Other examples of neutral DNICs with mixed
histidine/thiolate ligands have comparable potentials for the {Fe(NO),}%10 couple.50

As a means of comparison to compounds 1 and 2, the cobalt analog, [Co(NO)»(Ar-nacnac)],
was prepared. A variety of {Co(NO),}10 species have been reported previously, and these
compounds are generally similar to the corresponding {Fe(NO),}° species.51,52 The dicobalt
precursor, [Co(NO)(H-Cl)],,%3 was chosen as a starting material for the synthesis of
[Co(NO),(Ar-nacnac)]. Reaction of Na(Ar-nacnac) with [Co(NO),(u-Cl)]» in
tetrahydrofuran or diethyl ether afforded the desired {Co(NO),}10 species, 3, in moderate
yield after recrystallization from pentane. The compound is diamagnetic as expected for a
{M(NO),}9 species, giving a sharp, well-resolved 1H NMR spectrum at 25 °C in benzene-
dg. Much like compounds 1 and 2, compound 3 displays two intense IR peaks arising from
the two nitrosyl ligands. These peaks appear at 1801 and 1706 cm~1 in benzene-dg and
should be compared with values of 1761 and 1709 cm~1 and 1627 and 1567 cm™~1 for 1 and
2, respectively. The solid-state structure of 3 is displayed in Figure 1 (see Table 1 for
refinement details). Compound 3 crystallizes with two chemically equivalent but
crystallographically independent molecules in the asymmetric unit. Like 1 and 2, compound
3 displays pseudo-tetrahedral geometry at the metal center with the flanking
diisopropylphenyl groups creating a pocket for the {Co(NO),}19 unit. The geometric
parameters about the nitrosyl ligands compare well with those in 1 and 2 but have slightly
shorter N-O bond lengths (avg. of 1.15 A) consistent with the poorer m-backbonding ability
of Co(l) versus Fe(l) and Fe(0).

Compound 3 was examined by cyclic voltammetry to determine whether the {Co(NO),}°
state could be accessed electrochemically. The CV displayed no reversible oxidation in
tetrahydrofuran, but did exhibit a quasi-reversible cathodic process at =1.80 V (Figure 2).
Reduction of the {Co(NO),}0 core is surprising considering that a putative {Co(NO),}!1
species would have 19 electrons. Chemical reduction of 3 was attempted with KCg in
benzene. IR, UV-vis, and EPR spectra of the resulting reduced species are all consistent with
a {Co(NO),}1 complex (see SI). A new optical band appeared at 607 nm upon reduction.
Addition of dry air to this reduced species resulted in disappearance of the band at 607 nm
and regeneration of 3, as judged by UV-vis spectroscopy (Figure S5). The IR bands of 3
disappear upon reduction, being replaced with lower energy bands < 1600 cm™1.
Unfortunately, the {Co(NO),}!1 complex could not be isolated. The K* ions appear to be
important in stabilizing the reduced species, because attempts to replace them by treatment
with BuyNCI and PPNCI (PPN = cation of p-nitridobis(triphenylphosphine)) failed, resulting
in decomposition.
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Mononitrosyl Complexes

The success of the B-diketiminate in stabilizing compounds containing both {Fe(NO),}° and
{Fe(NO),}0 units prompted us to evaluate its potential as a ligand for the {Fe-NO}’ unit.
Furthermore, mononitrosyl iron complexes (MNICs) are relevant to NO-transfer chemistry
because they represent logical byproducts of nitrosyl loss from DNICs. The synthesis of a
compound containing the {Fe-NO}’ unit was accomplished by salt metathesis of the lithium
or sodium diketiminate with the mononitrosyl precursor, (M)[Fe(NO)Br3] (eq 1, M = Et4N
or PPN). Upon addition of the diketiminate salt to [Fe(NO)Br3]~, an immediate color change
from yellow-brown to dark green occurred, indicating formation on a new species. The
precise nature of this initial complex is unknown, but most likely corresponds to a dibromo
complex having the formula (M)[Fe(NO)Br,(Ar-nacnac)] (4’). After several hours at 25 °C,
Et4NCI or PPNCI precipitated and the supernatant changed from green to dark brown,
indicating formation of the desired compound, [Fe(NO)Br(Ar-nacnac)] (4). Prolonged
reaction times were detrimental to both the yield and purity of 4 due to competing
disproportionation to form 1 (vide infra).

(M) [Fe(NO)gBr] +Na (Ar — nacnac) — [Fe (NO) Br (Ar — nacnac)|+M Br+NaBr
4,{Fe-NO}"

MNIC 4 is a dark brown crystalline solid that is soluble in common organic solvents
including alkanes. Its IR spectrum displays an intense peak at 1777 cm™1 (benzene-dg)
corresponding to the vyo fundamental (see SI). Substitution with 15NO leads to a 34 cm™1
red-shift, consistent with a simple harmonic oscillator (calculated Avyg = 32 cm™1). As with
other mononuclear {Fe-NO}’ species, 4 is paramagnetic. Its EPR spectrum at 77 K in a 2-
MeTHF glass is consistent with an S = 3/, ground state (see SI). Such a spin-state for a four-
coordinate {Fe-NO}’ species is not uncommon and has been observed for both
[Fe(NO)Br3]~ and [Fe(NO)(S-t-Bu)z]~.24,%°

The solid-state structure of 4 is displayed in Figure 3 (see Table 1 for refinement details).
Much like compounds 1 and 2, compound 4 is pseudo-tetrahedral with an acute bite angle
for the Ar-nacnac ligand. The Br and NO groups are disordered in the crystal lattice, but
were modeled satisfactorily with occupancies of 67% and 33% for the major and minor
components, respectively. In addition, the thermal ellipsoid for the oxygen atom of the NO
group is elongated in a plane perpendicular to the N-O bond vector. This elongation may be
a consequence of slight non-linearity of the Fe-N-O bond angle that could not be effectively
modeled due to the proximity of the disordered bromine atom. The geometric parameters
about the iron nitrosyl unit (see Figure 3 caption) are similar to those reported for other {Fe-
NO} species.?*,56 The Mdssbauer spectrum of 4 (see SI) displays a single quadrupole
doublet with an isomer shift of 0.33(2) mm/s and a quadrupole splitting of 0.92(2) mm/s.
The isomer shift compares moderately well with that of 0.26(2) mm/s reported for [Fe(NO)
(S-t-Bu)3]~,> but is substantially lower than values for 5- and 6-coordinate S = 3/, {Fe-
NO} species, which typically fall between 0.62 and 0.77 mm/s.%’

The cyclic voltammogram of 4 in tetrahydrofuran displays a quasi-reversible one-electron
reduction at —1.23 V (vs Fc/Fc*) corresponding to the {Fe-NO}"/8 couple. Upon cycling of
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this couple at 100 mV/s, a new species formed having a midpoint potential of -1.34 V
(Figure 4). This value corresponds to the {Fe(NO),}%10 couple previously observed for
compounds 1 and 2, suggesting that the {Fe-NO}® species is unstable with respect to
transformation to a dinitrosyl iron complex.

The electrochemical results with 4 were corroborated chemically using Cp*,Co (Cp* =
pentamethylcyclopentadiene) as a reductant. Upon addition of Cp*,Co to solutions of 4 in
benzene-dg, an immediate change in color from dark brown to yellow-brown was observed.
NMR and IR spectra of the reaction mixtures confirmed the presence of 2 along with a new
paramagnetic Fe species. Simple stoichiometry requires the formation of a new Fe(ll)
species, as indicated in eq 2.

[Fe(NO)Br (Ar — nacnac)]” — 1/2[Fe(]\/'0)2 (Ar — nacnac)]”+1/2 [FeIHBrz (Ar — nacnac)] -

{Fe—-NO}® 2,{Fe(NO), } "

An Fe(Il) bromide complex could be prepared independently by reaction of the sodium salt
of the B-diketiminate ligand with anhydrous FeBr, in THF. This new compound, 5, was
isolated as a yellow THF adduct after crystallization from THF/pentane (Figure 5). Divalent
iron halide species similar to 5 have been prepared previously as dimers in the absence of a
coordinating solvent.>8 The 1H NMR features of 5 are nearly identical to those observed for
the Fe(Il) species formed by reduction of 4 suggesting that 5, or a related complex such as
the dibromide anion shown in eq 2, is generated concomitant with 2 during
disproportionation of the putatative {Fe-NO}® species. Compound 5 loses THF in vacuo to
form an orange species, which is most likely the dimeric [Fe,(u-Br),(Ar-nacnac)s] (5).
Dimeric 5 has poor solubility in non-coordinating solvents, but dissolves readily in THF to
regenerate 5. Compound 5 also serves as a convenient synthon for MNIC 4, which forms by
simple addition of NO gas (eq 3). In this manner, the 1°N-analog of 4 can be prepared
directly from 1°NO (g).

[Fe” (THF) Br (Ar — nacnac)} +NO (g) — [Fe(NO) Br (Ar — nacnac)|[+THF

5 4{Fe—NO}" @)

Disproportionation of the {Fe-NO}® unit accounts for the observation that samples of
recrystallized 4 contain small amounts of 1, since the {Fe-NO}’ complex may be reasonably
supposed to disproportionate to 1 and an Fe(l11) species in an analogous fashion to its
reduced counterpart, albeit at a much slower rate. To test this hypothesis, the Fe(l11)
complex [FeBro(Ar-nacnac)] (6) was prepared.>® Isolation and purification of [Fe!!'Bry(Ar-
nacnac)] was complicated by competing reduction of Fe(l11) by the Ar-nacnac ligand.5°
Nevertheless, small quantities of 6 could be isolated, and the solid-state structure is
displayed in Figure 6 (see also Table 1). Upon mixing solutions of compounds 1 and 6 at
ambient temperature, partial conversion to MNIC 4 was observed by IR spectroscopy over
24 h. This observation suggests that all three species, 1, 4, and 6, can interconvert (eq 4),
with the equilibrium lying predominantly toward 4. Upon reduction, a similar situation

Inorg Chem. Author manuscript; available in PMC 2015 October 13.

@



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Tonzetich et al. Page 6

exists involving compounds 2, 5, and the {Fe-NO}® complex, but in this instance the
equilibrium lies entirely toward 2 and 5 (eq 2).

[Fe(NO), (Ar — nacnac)|+ [FeIHBrQ (Ar — nacnac)} 2 2[Fe(NO) Br (Ar — nacnac)]
1{Fe(NO),}’ 6 4,{Fe—No}"

O

NO Transfer Reactions

NO-transfer experiments were undertaken with DNICs 1 and 2 using [Fe!''(TPP)CI] (TPP =
meso-tetraphenylporphine) as the NO acceptor. This porphyrin complex was chosen because
of the documented importance of Fe heme compounds to the biological chemistry of NO
and the precedent for transfer of NO from DNICs to Fe porphyrins.18,17 61 Furthermore,
porphyrin compounds have intense optical bands that facilitate reaction monitoring by UV-
vis spectroscopy. Addition of 1 to THF or benzene solutions of [Fe!!'(TPP)CI] resulted in
little to no reaction at 25 °C over several hours in the absence of light. Upon heating (50 to
80 °C) and/or irradiation with room light, however, a new Fe(TPP) species formed within
one hour. When the reaction was followed by optical spectroscopy, a clean conversion to the
new Fe porphyrin species was detected, with several isosbestic points indicating an A — B
type process (Figure 7). UV-vis and IR spectral studies confirmed the identity of the new
species as the nitrosylated {Fe-NO}’ porphyrin, [Fe!'(NO)(TPP)].52 IR spectroscopy also
identified a new NO-containing compound with a vy stretch near 1770 cm™L. This value
agrees well with that found for compound 4 (vida supra) and most likely corresponds to the
related mononitrosyl iron complex, [Fe(NO)CI(Ar-nacnac)]. These results indicate that NO-
transfer from 1 to [Fe!!![(TPP)CI] formally involves transfer of NO™~ with reductive
nitrosylation of the ferric porphyrin. Upon transfer of NO™ from DNIC 1 the corresponding
{Fe-NO}’ MNIC is generated, a process that can be described by the stoichiometry
displayed in eq 5.

[Fe(NO), (Ar — nacnac))+ [Fe’ ey (TPP)} — [Fe (NO) Cl (Ar — nacnac))+ [Fef I(NO) (TPP)]
1,{Fe(NO),}’ {Fe-NO}T {Fe—NO}"

Initial kinetic studies of the reaction employing excess 1 at several temperatures > 50 °C
displayed complex behavior that could not be fit to a pseudo first-order process (e.g., Figure
8). Although inconclusive, the data suggest that NO transfer from 1 is unimolecular in DNIC
concentration and independent of [Fe!!'(TPP)CI]. For example, halving the DNIC
concentration led to an ~50% decrease in reaction rate, whereas halving the [Fe!''(TPP)CI]
concentration led to no discernable change. These observations are consistent with a
mechanism that involves rate-limiting dissociation of NO- or NO™ from 1 followed by rapid
capture of the nitrosyl (or nitroxyl) fragment by [Fe!''(TPP)CI] and immediate transfer of Cl-
or CI™ to the resulting {Fe-NO}® or {Fe-NO}’ species, respectively. Other mechanistic
scenarios involving subsequent fast electron transfer steps are also consistent with the data.
Based on the observed decomposition route of the {Fe-NO}8 species, however, we favor a
pathway involving direct formation of {Fe-NO}’ from 1.
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In order to compare the effect of DNIC redox state on NO-transfer reactivity, the reaction of
2 with [Fe!''(TPP)CI] was also examined. As with DNIC 1, reaction of the ferric porphyrin
with DNIC 2 cleanly afforded [Fe!'(NO)(TPP)]. In contrast to reactions with 1, however,
NO-transfer with 2 proceeded in the absence of light and/or heat over the course of 4 h in
benzene-dg. Compound 2 is consumed immediately upon reaction with [Fe!''(TPP)CI] as
judged by IR spectroscopy (Figure 9). UV-vis spectroscopy confirmed that reduction of
[Fe!''(TPP)CI] takes place prior to NO transfer to generate 1 (Figure 8: 1761, 1708 cm™1)
and the ferrous porphyrin [Fe!!(TPP)] (eq 6). This result is not surprising considering the
redox potential of 2 (E,, = —1.34 V). After initial electron transfer, peaks corresponding to 1
diminish, with concomitant growth of features due to [Fe!'(NO)(TPP)] (1676 cm™1) and 2
(1627, 1569 cm™1). The appearance of 2 differs from the results for 1, which revealed
formation of 4 as a byproduct of NO-transfer (vide supra). In the reaction with an Fe(ll)
porphyrin, however, 1 must formally transfer an equivalent of NO- (not NO™) to yield
[Fe!'(NO)(TPP)]. Transfer of NO- from 1 generates an {Fe-NO}8 species (eq 7) that
immediately disproportionates to give 2 (eq 8). Such a reaction sequence explains the
observed IR spectral changes in Figure 9 with the net stoichiometry displayed in eq 9.

[Fe(NO), (Ar — nacnac)]”+ [FeIHCl (TPP)} — [Fe(NO), (Ar — nacnac)|+ [FeH (cy (TPP)} -

2, {Fe(NO),}"* 1,{Fe(NO),}’ ©

[Fe(NO), (Ar — nacnac)|+| Fe!CL(TPP)| — [Fe(NO) Cl (Ar — nacnac)|+[ Fe!! (NO) (TPP)]

1{Fe(NO),}’ {Fe-NO}® {Fe-NO}" @

[Fe(NO)Cl(Ar — nacnac)]” — 1/2[Fe(NO), (Ar — nacnac)]”+1/2 [Fe”CZQ (Ar — nacnac)] -
{Fe—NO}® 2,[Fe(NO),]""

®

[Fe(NO), (Ar — nacnac)] ™
2{Fe(NO),}"*
+ [Fem i (TPP)] —~ [FeH (NO) (TPP)}
{Fe—NO}" ©)
+1/2[Fe(NO), (Ar — nacnac)] ™
2, {Fe(NO),}"”

+1/2 [FeHClg (Ar — nacnac)} -

NO-transfer from 1 to independently prepared [Fe!'(TPP)] did not occur under the reactions
conditions employed above for 2 and [Fe!''(TPP)CI] (egs 7 - 8). When BusNCI was added to
the reaction mixture, however, NO transfer proceeded as before over 4 h at ambient
temperature. This result suggests that chloride may facilitate transfer of NO: from 1 to
[Fe!'(TPP)]. The role of chloride is not yet known and kinetic experiments employing 2 and
[Fe(TPP)CI] could not be followed by UV-vis spectroscopy because the reaction proceeded
too sluggishly at the concentrations required for optical spectroscopy, ~5— 10 UM in
porphyrin. This fact suggests that, unlike the reaction of 1 with [Fe!!'(TPP)CI], the rate-
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limiting step for reaction of 1 with [Fe!!(TPP)] and CI~ is overall bimolecular. Whether the
reaction also depends on the concentration of CI~ or [Fe!!(TPP)] is unknown at this time. A
transition state or intermediate involving a chloride bridge is an attractive hypothesis, given
the possibility for the DNIC/MNIC to adopt a five-coordinate geometry (vide supra,
compound 4/).

DISCUSSION

The transfer of NO ligands from dinitrosyl iron complexes to various acceptors has been
demonstrated previously with several synthetic DNICs.1%,16 61 |n many of these systems, the
form of NO (NO-, NO* or NO~) formally being transferred from the DNIC to the acceptor is
dictated by the stability of the resulting nitrosylated or nitrosated product. Such dependence
was noted previously in a study of NO-transfer from a cobalt nitrosyl to a variety of
different metal complexes.®3 The reactivity suggests that NO-transfer reactions are dictated
by the thermodynamic requirements of the acceptor and that different forms of NO may be
released or transferred from the DNIC depending on the nature of the acceptor. Biologically,
this characteristic of DNICs may be important, because the NO-acceptor may require NO-
(heme sites), NO™ (oxidized heme sites), or NO™ (thiols, amines, alcohols).

In the present work, we demonstrate a net formal transfer of both NO~, {Fe(NO),}° to
(TPP)Fe!!ICI, and of NO-, {Fe(NO),}° to (TPP)Fe!l. In each case the mechanism is distinct
and the qualitative reaction rates under similar conditions are quite different. Formal transfer
of NO~ from 1 to (TPP)Fe!!ICI operates as a unimolecular process with rate-limiting loss of
NO: or NO™. This mechanism is consistent with the observation that light irradiation
increases the NO-transfer rate, because excitation of electrons to M—N antibonding orbitals
should accelerate loss of a nitrosyl or nitroxyl ligand. In contrast, transfer of NO: from 1 to
[Fe!l(TPP)] appears to be a bimolecular process. Furthermore, transfer of NO- does not
occur in the absence of CI™. This fact suggests that coordination of a Lewis base to the
DNIC may be required for the transfer of NO:, or perhaps that ligands capable of bridging
two metal centers are important in mediating transfer of NO- between a DNIC and its metal
targets.

In addition to NO-transfer reactions between DNICs and porphyrins, the related chemistry
of MNICs was examined in the present work and deserves comment. Both four-coordinate
{Fe-NO}’ and {Fe-NO}8 compounds disproportionate, forming DNICs and Fe(l11) ({Fe-
NO}/) or Fe(ll) ({Fe-NO}8) compounds. In the case of the former, {Fe-NO}’ compound,
this reaction appears to be reversible judging by the fact that DNIC 1 and [Fe!!'Br,y(Ar-
nacnac)] (6) comproportionate in solution at 25 °C. Similar reactivity also occurs with four-
coordinate MNICs containing thiolate ligands. These species also disprortionate, leading to
DNICs and Fe(l11) thiolates.1® Such reactivity contrasts with that of five- and six-coordinate
MNICs, which are stable with respect to disproportionation.

Reduction of 4 to give the unstable {Fe-NO}® species is intriguing, given its possible
relevance to the mechanism of NO-scavenging reductases (SNORs).%4 These enzymes
contain adjacent carboxylate-bridged {Fe-NO}’ centers in their NO-bound state. In one
proposed mechanism, reduction of both iron centers leads to formation of the corresponding
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{Fe-NO}® species. These reduced nitrosyls then revert back to diiron(l1) species in the
presence of protons with concomitant release of N,O and H,O. In the case of compound 4,
reduction to the {Fe-NO}® leads to formation of a DNIC and not to chemistry at the NO
ligands. The fact that Fe(l1) is generated in the process, however, lends credence to the
proposal that SNOR activity occurs through the intermediacy of an {Fe-NO}8 species.%°,66

CONCLUSIONS

The NO-transfer chemistry of two dinitrosyl iron complexes supported by a sterically
demanding B-diketiminate ligand has been explored using iron porphyrins as NO acceptors.
The {Fe(NO),}° DNIC, 1, is capable of reductively nitrosylating [Fe!!'(TPP)CI)] at elevated
temperatures or in the presence of light to afford [Fe!!(NO)(TPP)] and the corresponding
{Fe-NO}’ complex, 4. Preliminary kinetic measurements of this reaction point to a rate-
limiting step involving dissociation of NO- or NO™ from 1. The analogous reaction of the
{Fe(NO),}0 DNIC, 2, also affords [Fe!!(NO)(TPP)], but in this instance rapid electron
transfer from 2 to [Fe!!!(TPP)CI] precedes NO transfer. The resulting {Fe(NO),}° DNIC
then nitrosylates the Fe(I1) porphyrin generating a {Fe-NO}8 species that immediately
disproportionates to 2 and an NO-free Fe(ll) complex, 5. This chemistry was verified by the
synthesis of MNIC 4 and examination of its redox chemistry. In addition to iron, a four-
coordinate {Co(NO),}10 species, 3, was isolated and fully characterized. The structural and
spectroscopic properties of 3 are similar to those of the iron analogs, 1 and 2. Compound 3
undergoes a quasi-reversible one-electron reduction to the putative {Co(NO),}!! species.

EXPERIMENTAL

General Comments

Materials

Manipulations of air- and moisture-sensitive materials were performed under an atmosphere
of nitrogen gas using standard Schlenk techniques or in an MBraun glovebox under an
atmosphere of purified nitrogen. Tetrahydrofuran, diethyl ether, pentane, benzene, and
toluene were purified by passage through activated alumina®’ then stored over 4-A
molecular sieves prior to use. Benzene-dg and tetrahydrofuran-dg were dried over sodium
ketyl and vacuum-distilled prior to use.

Compounds 1 and 2,4° (M)[Fe(NO)Br3],%° [Fe!!(TPP)],58 [Co(u-CI)(NO),]5,%3 KCs,
anhydrous Fe!'Br,, and Cp*,Co were synthesized according to published procedures.
Na(Ar-nacnac)-2THF was prepared by deprotonation of H(Ar-nachac) with NaN(SiMe3) in
THF followed by crystallization from pentane. Li(Ar-nacnac) was prepared by
deprotonation of H(Ar-nacnac) with "BuL.i followed by crystallization from pentane at =30
°C. [Fe!''(TPP)CI] and anhydrous Fe'''Brs were purchased from Strem Chemicals and used
as received. Nitric oxide (Matheson, 99%) was purified by passage through an Ascarite
column (NaOH fused on silica gel) and a 6-ft coil filled with silica gel cooled to =78 °C.59
Purified NO gas was stored and transferred under an inert atmosphere using standard gas
storage bulbs and gas-tight syringes, respectively. For NO-transfer reactions, care was taken
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to prevent light exposure by covering reaction glassware in aluminum foil or by performing
experiments in a darkened glovebox.

Physical Measurements

1H NMR spectra were recorded on a Varian INOVA spectrometer operating at 500 MHz.
FT-IR spectra were recorded with a ThermoNicolet Avatar 360 spectrophotometer running
the OMNIC software; solid samples were pressed into KBr disks and solution samples were
prepared in THF or benzene-dg in an air-tight Graseby-Specac solution cell with CaF,
windows and 0.1 mm spacers. UV-vis spectra were recorded on a Cary-50
spectrophotometer in air-tight Teflon-capped quartz cells. Samples for 5’Fe Mdssbauer
studies were prepared by grinding solids with Apiezon-N grease. Samples were placed in a
90 K cryostat during measurement. All isomer shift (3) and quadrupole splitting (AEq)
values are reported with respect to °’Fe-enriched metallic iron foil that was used for velocity
calibration. The displayed spectrum was folded to enhance the signal-to-noise ratio. Fits of
the data were calculated by the WMOSS version 2.5 plot and fit program.”® X-band EPR
spectra were recorded on a Bruker EMX EPR spectrometer. Temperature control was
maintained with a quartz finger dewar (77 K). Spectra were recorded in 4 mm o.d. quartz
EPR tubes capped with a tight-fitting rubber septum. Electrochemical measurements were
performed at 25 °C on a VersaSTAT3 Princeton Applied Research potentiostat running the
V3-Studio electrochemical analysis software. A 3-electrode set-up was employed
comprising a glassy carbon working electrode, platinum wire auxiliary electrode, and a 0.1
M Ag/Ag* reference electrode. Triply recrystallized BusNPFg or BusNBArF, (ArF = 35-
bis(trifluoromethyl)phenyl) was used as the supporting electrolyte. All electrochemical data
were referenced internally to the ferrocene/ferrocenium couple at 0.00 V. Elemental
analyses were performed by Midwest Microlab, LLC, Indianapolis, IN.

X-ray Data Collection and Structure Solution Refinement

Crystals of 3 - 6 suitable for X-ray diffraction were mounted in Paratone N oil using 30 pm
aperture MiTeGen MicroMounts (Ithaca, NY) and frozen under a nitrogen cold stream
maintained by a KRYO-FLEX low-temperature apparatus. Data were collected on a Bruker
SMART APEX CCD X-ray diffractometer with Mo Ka radiation (A = 0.71073 A)
controlled by the APEX2 software package (v. 2010.1-2). Data reduction was performed
with SAINT.”1 Empirical absorption corrections were applied with SADABS,’2 and the
structure was checked for higher symmetry by the PLATON software.” The structures were
solved by direct methods with refinement by full-matrix least-squares based on F2 using
SHELXTL-97.74 All non-hydrogen atoms were located and their positions refined
anisotropically. Hydrogen atoms were assigned to idealized positions and given thermal
parameters equal to either 1.5 (methyl hydrogen atoms) or 1.2 (non-methyl hydrogen atoms)
times the thermal parameters of the atoms to which they were attached.

Crystals of 3 - 6 were grown by slow cooling of a saturated solution of each complex in
pentane. No solvent was incorporated in any of the crystal lattices. The asymmetric unit of
complex 3 contains two independent molecules with the same molecular structure. Complex
4 was modeled with a positional disorder between the NO and Br ligands. The N, O and Br
atoms were located in the difference Fourier map and refined with 100% occupancy in each
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of the two disordered components. See Table 1 for crystallographic data and additional
refinement details.

[Co(NO)»(Ar-nacnac)], 3

To 0.200 g (0.650 mmol) of [Co(u-CI)(NO),], in 5 mL Et,0 was added a solution of 0.555
g (1.30 mmol) of Na(Ar-nacnac)-2THF in 10 mL Et,0. The resulting brown-yellow solution
was allowed to stir at ambient temperature for 2 h. All volatiles were removed in vacuo and
the resulting residue was extracted into 10 mL of pentane. After filtration through a plug of
Celite, the pentane solution was concentrated in vacuo to 3 mL and allowed to stand at —30
°C for 24 h. Compound 5 precipitated as 0.527 g (0.75%) of brown cubes in two crops. H
NMR (benzene-dg): § 7.07 (m, 6 ArH), 5.15 (s, 1 CH), 3.16 (sep, 4 CHMey), 1.73 (s, 6 Me),
1.23 (d, 12 CHMey), 1.15 (d, 12 CHMey,). IR (benzene-dg, cm™1): 3057, 2963, 2928, 2869,
1801 (vNo), 1706 (vNo), 1554, 1522, 1458, 1438, 1399, 1316, 1177. CV (THF): E,, = -1.80
V {Co(NO),}1L: E . = +0.53 V. UV-vis (THF) Amax, NM (e, M~1cm™1): 322 (6700), 360
(5700), 415 (sh), 570 (sh). Anal. Calcd for CogH41CoN4O5: C, 64.91; H, 7.70; N, 10.44.
Found: C, 64.09; H, 7.58; N, 10.17.

[Fe(NO)Br(Ar-nacnac)], 4

Procedure A: To 0.114 g (0.250 mmol) of (Et4N)[Fe(NO)Brs] dissolved in 10 mL of THF
was added a solution of 0.106 g (0.250 mmol) of Li(Ar-nacnac) in 5 mL THF. The solution
immediately changed from yellow-brown to dark forest green upon addition of the
diketiminate salt. The reaction was allowed to stir for an additional 2 h at ambient
temperature, during which time the forest green solution changed to a dark brown mixture.
All volatiles were removed in vacuo and the residue was extracted into 15 mL of pentane.
The extract was filtered through a plug of Celite to remove Et4NBr and LiCl. The resulting
pentane solution was concentrated in vacuo to 5 mL and allowed to stand at =30 °C for 24 h.
During this time compound 3 precipitated in two crops as 0.0886 g (61%) of brown cubes.
See below for spectral data.

Procedure B: To 0.0530 g (0.099 mmol) of compound 4 in 2 mL THF was added 2.5 mL
(~0.10 mmol) of NO gas via syringe. The solution immediately changed from bright yellow
to dark brown. The solution was allowed to stir at ambient temperature for 20 min. All
volatiles were removed in vacuo and the residue was extracted into 5 mL of pentane. After
filtration through glass filter paper, the pentane solution was concentrated in vacuo to 2 mL
and allowed to stand at =30 °C for 24 h. During this time, compound 3 precipitated as
0.0247 g (50%) of brown cubes; mp = 190 — 195 °C. 1H NMR (benzene-dg): § 33.7 (2 H),
27.1 (2 H), 13.5 (v br, 1H), 4.5 (2 H), 3.7 (12 H), 2.8 (12 H), 1.4 (2 H), —-21.2 (2 H), -33.2
(6 H). IR (benzene-dg, cm™1): 3060, 2965, 2927, 2869, 1777 (vNo), 1519, 1463, 1437, 1371,
1317, 1174, 1106, 1022; 1743 (vi50). EPR (X-band, 2-MeTHF): 77 K g1 = 4.62, g = 3.41,
g3 = 1.96. CV (THF): Ey, = —-1.23 V {Fe-NO}"/8, UV-vis (THF) Amax, "M (¢, M~lem™1):
313 (19000), 417 (sh), 552 (1800). °'Fe Mdsshauer: & = 0.33(2) mm/s, AEq = 0.92(2) mm/s,
r = 0.44(2) mm/s. Anal. Calcd for CygH41BrFeN30: C, 59.70; H, 7.08; N, 7.20. Found: C,
60.19; H, 6.98; N, 7.41.
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[Fe(THF)Br(Ar-nacnac)], 5

To 0.167 g (0.774 mmol) of anhydrous Fe!'Br, in 20 mL THF was added 0.454 g (0.776
mmol) of Na(Ar-nacnac)-2THF. The mixture was allowed to stir at ambient temperature for
2 h, during which time the color changed from orange to brown-yellow. The mixture was
filtered through a plug of Celite to remove NaBr. All volatiles were removed in vacuo. The
resulting residue was washed with pentane causing formation of a yellow precipitate. The
solid was isolated by filtration and washed with pentane to give 0.377 g (85%) of 5as a
yellow powder. Storing the filtrate at =30 °C for 24 h afforded an additional 0.030 g of
yellow needles that were used for X-ray diffraction. 1H NMR (THF-dg): § 19.0, 7.0, 5.1, 1.1,
0.8, -8.8, —38.9, —68.9, —80.2. UV-Vis (THF) Amax, Nm (¢, M~1em™1): 331 (4200), 428 (sh);
(toluene): 325 (11500), 389 (3500), 520 (670). CV (THF): Ei, = —0.61 V. Anal. Calcd for
Cs3HygBrFeN,O: C, 63.37; H, 7.90; N, 4.48. Found: C, 63.31; H, 7.68; N, 4.51.

[Fe!'Bry(Ar-nacnac)], 6

This compound could only be prepared in small quantities by reaction of equimolar amounts
of Na(Ar-nacnac)-2THF and anhydrous FeBrj in toluene. After stirring for 2 h at ambient
temperature, all volatiles were removed in vacuo affording a dark forest green residue.
Extraction of this residue into pentane generated a dark green solution and a large quantity
of brown insoluble material, Fe(ll) byproducts formed by reduction of Fe(lll) by the
diketiminate salt. The pentane solution was filtered through a plug of Celite, concentrated in
vacuo, and allowed to stand at —35 °C for 24 h. After this time, small green cubes of 6
appeared (typically < 10 mg). These cubes were suitable for X-ray diffraction, but repeated
elemental analysis and solution magnetic susceptibility measurements indicated that 6
contained diamagnetic impurities, most likely the coupled Ar-nacnac ligand. EPR (X-band,
2-MeTHF): 77 K g = 9.02, 5.24, 3.55, 2.60, 2.04, 1.30 (see SI). CV (THF): Ey, = -0.61 V.

General Procedure for NO-Transfer Reactions

Solutions of 1 or 2 in THF (UV-vis) or benzene-dg (IR) were prepared in the glovebox at
appropriate concentrations (~100 p M for UV, ~20 mM for IR). These solutions were then
combined with a solution of the desired iron porphyrin compound in a vial or quartz cuvette.
Reactions were allowed to proceed in the absence of light as much as possible. For UV-vis
reactions conducted in the presence of light irradiation, the cuvette was exposed to
fluorescent room light for 3 min intervals between spectra.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Thermal ellipsoid (50%) rendering of one of the two crystallographically independent

molecules of 3 in the asymmetric unit. Hydrogen atoms omitted for clarity. Selected bond
distances (A) and angles (deg): Co(1)-N(1) = 1.955(4); Co(1)-N(2) = 1.957(4); Co(1)-N(3)
=1.633(3); Co(1)-N(4) = 1.695(4); N(3)-0O(1) = 1.165(5); N(4)-0O(2) = 1.166(5); Co(1)-
N(3)-0(1) = 173.0(4); Co(1)-N(4)-0(2) = 150.1(4); N(3)-Co(1)-N(4) = 110.5(2).
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Figure2.
Cyclic voltammogram of compound 3 in tetrahydrofuran at a glassy carbon electrode (0.1 M

BusBArF, supporting electrolyte; 50 mV/s scan rate). Fc/Fc* indicates the ferrocene
reference couple.
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Figure 3.
Thermal ellipsoid (50%) rendering of the solid-state structure of 4. The major component of

the disordered structure is pictured. Hydrogen atoms are omitted for clarity. Selected bond
distances (A) and angles (deg): Fe(1)-N(1) = 1.644(5); Fe(1)-N(2) = 1.971(2); Fe(1)-N(3) =
1.938(2); N(1)-0O(1) 1.217(6); Fe(1)-Br(1) = 2.4136(9); O(1)-N(1)-Fe(1) = 175.5(6); N(1)-
Fe(1)-Br(1) = 115.22(15).

Inorg Chem. Author manuscript; available in PMC 2015 October 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tonzetich et al.

Page 19

-0.4 -0.6 -0.8 -1 -1.2 -1.4 -1.6 -1.8 -2
V (vs Fe/Fe")

Figure4.
Cyclic voltammogram (100 mV/s) of [Fe(NO)Br(Ar-nacnac)] indicating disproportionation

of the {Fe-NO}8 species to {Fe(NO),}10 and “Fe(l1)”. The traces were recorded at a glassy
carbon electrode in THF with 0.1 M BuyNPFg as supporting electrolyte.
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Figure5.
Thermal ellipsoid (50%) rendering of the solid-state structure of 5. Hydrogen atoms omitted

for clarity. Selected bond distances (A) and anlges (deg): Fe(1)-N(1) 2.010(3); Fe(1)-N(2)
1.999(3); Fe(1)-0(1) 2.062(3); Fe(1)-Br(1) 2.4114(6); Br(1)-Fe(1)-O(1) = 98.50(7).
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Figure6.
Thermal ellipsoid (50%) rendering of the solid-state structure of 6. Hydrogen atoms omitted

for clarity. Selected bond distances (A) and angles (deg): Fe(1)-N(1) = 1.9459(13); Fe(1)-
N(2) = 1.9730(13); Fe(1)-Br(1) = 2.3446(3); Fe(1)-Br(2) = 2.3188(3); Br(1)-Fe(1)-Br(2) =
116.068(11).
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Figure7.
UV-vis spectral changes associated with the reaction of [Fe(NO),(Ar-nacnac)] with

[Fe"(TPP)CI] in tetrahydrofuran with exposure to ordinary room light.
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Representative kinetic trace (single wavelength, 419 nm) for the reaction of 95 pM 1 with

4.7 uM [Fel'Y(TPP)CI] in toluene at 60 °C.
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Figure9.

IR spectral changes associated with the reaction of (BusN)[Fe(NO),(Ar-nacnac)] with
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[Fe(TPP)CI] in CgDg at 25 °C. The decrease in intensity of the peak at 1676 cm™ after 300

min is due to precipitation of [Fe(NO)(TPP)].
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Page 25
[L.M]- + [A-NOJ* oxidative nitrosylation (nitrosation)
LM-NO + A —> LM + A-NO nitrosylation
[LM]* + [A-NOJ- reductive nitrosylation

Scheme 1.
Different scenarios for transfer of NO between donor (L,M) and acceptor (A).
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1 - charge neutral
2 - anionic (cation = BuysN* or PPN™)

Chart 1.
Chemical structures of compounds 1 and 2.
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Table 1

X-ray Data Collection and Refinement Parameters for Compounds 3 - 6

3 4 5 6
Empirical formula CygH41CoN4O, CygH41BrFeNz;O Ca3zHy9BrFeN,O CygH41FEN,BI,
Formula weight (g/mol) 536.59 583.41 625.50 633.31
Temperature (K) 100(2) 110(2) 110(2) 100(2)
Crystal system, space group Triclinic, P1 Monoclinic, P2;/n  Monoclinic, P2;/n  Monoclinic, P2;/n

Unit cell dimensions

Volume (A3)

Z, Calculated density (g/cm3)

Absorption coefficient (mm™2)

F(000)
Crystal size (mm)

O range

Limiting indices

Reflections
collected / unique

Completeness to ©

Absorption correction
Max. and min. transmission
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I > 20(1)]

R indices (all data)

Largest diff. peak and hole (e-A=3)

a=12.590(2) A
b =16.240(3) A
c=16.649(3) A
a=111.071(3)°
B =99.370(3)°
v = 109.899(3)°
2824.8(8)
4,1.262
0.639
1144
0.13 x 0.06 x 0.05
1.39 0 24.71°
-14<h<14,
-19<k<19,
-19<1<19

42216/ 9575
[R(int) = 0.1065]

99.5%
Empirical
0.9688 and 0.9215
9575/0/653
1.018

R1=10.0599,
wR2 =0.1235

R1=0.1132,
WR2 = 0.1465

0.852 and —-0.524

a=12.442(3) A
b =20.007(5) A
c=13.102(3) A

B = 115.805(4)°

2936.2(12)
4,1.320
1.899
1220
0.28 x 0.17 x 0.13
1.89t0 29.57°
-17<h<17,
-27<k<27,
-18<1<18

64961 / 8235
[R(int) = 0.0628]

100%
Empirical
0.7904 and 0.6184
8235/62 /354
1.294

R1=0.0554,
wR2=0.1103

R1=0.0691,
wR2=0.1138

0.466 and —0.523

a=10.1792(6) A
b =14.7884(8) A
¢ =21.7305(13) A

B = 93.3570(10)°

3265.6(3)
4,1.272
1.711
1320
0.40 x 0.24 x 0.20
1.67 to 25.03°
-12<h<12,
-17<k<17,
-25<1<25

52989 / 5786
[R(int) = 0.0290]

99.9%
Empirical
0.7259 and 0.5476
5786 /0/346
1.265

R1=0.0431,
wR2 =0.0992

R1=0.0446,
wR2 = 0.0999

0.936 and —0.574

a=12.5714(10) A
b=19.9181(16) A
c=13.2247(11) A

B = 116.9340(10)°

2952.2(4)
4,1.425
3.237
1300
0.24x0.18 x 0.14
1.86 to 26.33°
-15<h <15,
—24 <k <24,
-16<1<16

52094 / 5987
[R(int) = 0.0302]

99.6%
Empirical
0.6600 and 0.5105
5987 /0/317
1.043

R1=10.0203,
wR2 = 0.0506

R1=10.0236,
wR2 =0.0520

0.609 and —-0.292

Refinement method was full-matrix least-squares on F2; wavelength = 0.71073 A.

R1 = SlIFoHFllEIFol; WR2 = {E[W(Fo2-Fc2)2l/S[w(Fo?)21} 2.

Inorg Chem. Author manuscript; available in PMC 2015 October 13.

Page 27



