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ABSTRACT: The reactivity of the “masked” terminal
nickel sulfide complex, [K(18-crown-6)][(L®*)Ni"(S)]
(L® = {(2,6-PryC¢H;)NC(‘Bu)},CH), with the bio-
logically important small molecules CO and NO, was
surveyed. [K(18-crown-6)][(L®*)Ni"'(S)] reacts with
carbon monoxide (CO) via addition across the Ni—S
bond to give a carbonyl sulfide complex, [K(18-crown-
6)1[(LP)NI"(S,C:*-COS)] (1). Additionally, [K(18-
crown-6) ][ (L®*)Ni(S)] reacts with nitric oxide (NO)
to yield a nickel nitrosyl, [(L®™)Ni(NO)] (2), and a
perthionitrite anion, [K(18-crown-6)][SSNO] (3). The
isolation of 3 from this reaction confirms, for the first time,
that transition metal sulfides can react with NO to form
the biologically important [SSNO]™ anion.

here is a widespread interest in understanding the

fundamental reactivity of late metal sulfides with small
molecules, such as NO and CO, which are notable for their
roles in biological signaling and the carbon cycle, respec-
tively. ~> For example, the reactions of NO with the sulfide
ligands in metallo-proteins can not only affect its bioavailability
but may also play an important regulatory role (e.g, NO/H,S
“cross talk”).* In this regard, NO is known to react with iron
sulfur clusters.”® The sulfur-containing products from these
reactions are S°, $>7, or H,S. Other sulfur containing products,
such as [SNO]~, [SSNO]~, and [ONN(O)SO;]*~ have not yet
been observed from these reactions; however, these com-
pounds have come under increasing scrutiny because they
could function as both NO and sulfur reservoirs in vivo.””"
Similarly, CO is postulated to react with the sulfide ligands
within metallo-enzymes. In particular, the first step of CO
oxidation by MoCu CODH is thought to involve CO insertion
into a Cu—S bond.”

Recently, we reported the synthesis of the “masked” terminal
Ni(II) sulfides, [K(L)][(L®)Ni"(S)] (L®* = {(2,6-Pr,C¢H;)-
NC(‘Bu)},CH, L = 18-crown-6, 2,22-cryptand). These
complexes have proven to react with a variety of small
molecules, including CS, and N,O.'”'" Given its potent
reactivity, we hypothesized that [K(L)][(L®*)Ni"(S)] would
be a good model for exploring the interactions of late metal
sulfides with the biologically important small molecules, CO
and NO. This survey is especially important because late metal
(Ni and Cu) sulfides are found in a variety of metalloenzyme
active sites, including the NiFe and MoCu CO dehydrogenases
(CODH),”"* the “orange protein complex”,"”” and N,O
reductase (N,OR),'*™'® where they are known to play both
catalytic” and structural roles,'*'” yet our understanding of late
metal sulfide (and thiolate) reactivity is still relatively
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limited.'®™*' Herein, we describe the reactivity of [K(18-
crown-6) ][ (L®)Ni"(S)] with CO and NO in an effort to
understand better the fundamental chemistry of these small
molecules with metal sulfides.

Exposure of a toluene solution of [K(18-crown-6)][(L™")-
Ni"(S)] to excess carbon monoxide (CO) results in a rapid
color change from dark brown to yellow. Workup of the
reaction mixture by crystallization from toluene/isooctane
provides [K(18-crown-6)][L®"Ni(S,C:#*-COS)] (1) as a
orange crystalline solid in 88% yield (eq 1). The solid state
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Figure 1. ORTEP drawing of [K(18-crown-6)][(L®*)Ni(S,C:n*
SCO] (1-2C4Hg) shown with 50% thermal ellipsoids. Hydrogen
atoms, one orientation of the disordered COS moiety, and C¢Hg
solvate molecules have been omitted for clarity. Selected metrical
parameters: Nil—N1 1.929(4) A, Nil-N2 1.903(4) A, Nil-Sl1
2.193(2) A, Nil—C1 1.871(8) A, S1—-C1 1.791(8) A, C1-01 1.07(1)
A, S1-K1 3.250(4) A, O1-K1 2.841(7) A, N1-Ni1l-N2 97.3(2)°,
N1-Nil—-S1 104.7(1)°, N2—-Nil—-Cl 106.4(3)°, S1-C1-01
136.6(7)°.
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molecular structure of 1 is shown in Figure 1. Complex 1
features a rare carbonyl sulfide ([COS]*") ligand, formed by
the activation of CO by the S*~ ligand. The [COS]*” ligand
features a p:17°,k” binding mode, wherein the carbon and sulfur
atoms are coordinated to the Ni center, whereas the sulfur and
oxygen atoms are coordinated to the K" center. The COS
ligand is disordered over two positions, which are related by a
C, rotation axis. This disorder could not be adequately
resolved; consequently, the C—O bond length (1.07(1) A) is
anomalously short. A similar problem was observed in the only
other structurally characterized COS complex, [(MeCp),Nb-
(S,C:*-COS) (CH,SiMe;)].”* The Ni—S and Ni—C distances
in 1 are 2.193(2) A and 1.871(8) A, whereas the K—S distance
(3.250(4) A) is longer than that found in the starting material,
[K(18-crown-6)][(L®*)Ni'(S)], and is indicative of a rather
weak dative interaction. The K—O (2.841(7) A) distance is
similarly long.”>** Finally, the Ni—N distances in 1 are
comparable to those found in the starting material."

The 'H NMR spectrum of 1 is consistent with its
formulation as a C, symmetric, diamagnetic, square planar
Ni" complex. For example, the '"H NMR spectrum of 1 in C4Dy
features two tert-butyl resonances at 1.43 and 1.41 ppm and a
single y-CH resonance at 5.48 ppm. Additionally, the *C NMR
spectrum of 1 features a resonance at 214.72 ppm that we have
assigned to the [COS]*” moiety. For comparison, this chemical
shift is an exact average of the '*C NMR chemical shifts
observed for the CE, ligands in [(dtbpe)Ni(1>-CO,)] (dtbpe =
‘Bu,PCH,CH,P'Bu,) and [(dtbpe)Ni(7>-CS,)], which are
found at 164.28 and 264.20 ppm, respectively.”” The IR
spectrum (KBr mull) of 1 shows a strong v mode at 1676
cm™!, which is consentient with that expected for [SCO]*~.*

The formation of 1 represents a rare example of attack of a
$* ligand by CO, and highlights the potent nucleophilicity of
the S*~ moiety in [K(L)][(L™")Ni"(S)]. Other examples of
this transformation include the reaction of [(PhyP),Pt,(u-S),]
with CO to make COS and [(PhyP),Pt,(#-S)], and the
reaction of [Cp*Mo(u-S){N(Pr)C(Ph)N('Pr)}], with CO and
S; to make COS and [Cp*Mo(CO)(#>-S,){N(Pr)C(Ph)
N(Pr)}].>**” For further comparison, the previously men-
tioned COS complex, [(MeCp),Nb(7>-SCO)(CH,SiMe;)],
was formed by reaction of [(MeCp),Nb(CO)(CH,SiMe;)]
with elemental sulfur.*>*%* Perhaps more importantly, the
formation of 1 provides support for the first step in the
proposed mechanism of MoCu CODH,’ which is thought to
involve insertion of CO into a Cu—S bond and formation of a
thiocarbonate ligand, [CO,S]*". Additionally, a metal-COS
adduct may be a proposed intermediate in the catalytic cycle of
thiocyanate hydrolase, which catalyzes the conversion of
thiocyanate (SCN™) to carbonyl sulfide.’’™**

Exposure of a toluene solution of [K(18-crown-6)][(L®")-
Ni"(S)] to an excess of nitric oxide (NO) results in a rapid
color change from brown to brown-green. Workup of the
reaction mixture results in isolation of a nitrosyl complex,
[(L®)Ni(NO)] (2), along with a perthionitrite salt, [K(18-
crown-6)][SSNO] (3) (Scheme 1).

Complex 2 was isolated in an 80% yield and has been fully
characterized by elemental analysis, X-ray crystallography, IR
spectroscopy, and 'H and *C NMR spectroscopy. Its structural
and spectroscopic parameters are consistent with those
previously reported for the related pf-diketiminate nickel
nitrosyl complex, [(LM)Ni(NO)] (L™ = {(2,6-Pr,C4sH;)NC-
(Me)},CH), which was isolated from the reaction of
[(LM®)Ni'(2,4-lutidine)] and NO.* Complex 3 was isolated

Scheme 1. Synthesis of Complexes 2 and 3
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"[K(18-crown-8)][SNOJ" + other products (b)

toluene

in 86% yield as orange plates (based on sulfur). Its formulation
was confirmed through X-ray crystallography, IR spectroscopy,
and UV-—vis spectroscopy. Complex 3 crystallizes from
CH,Cl,/pentane as a CH,Cl, adduct (K1-CI1 = 3.2674(8)
A) and features a perthionitrite [SSNO]™ ligand coordinated to
a [K(18-crown-6)]" cation in a &’ fashion (Figure 2). The

Figure 2. ORTEP drawing of [K(18-crown-6)][SSNO]-CH,CL, (3
CH,Cl,) shown with 50% thermal ellipsoids. Hydrogen atoms have
been omitted for clarity. Selected metrical parameters: O1—N1
1247(2) A, N1-S2 1.669(2) A, S2-S1 1.9526(9) A, S1-K1
3.2013(8) A, O1-K1 2.770(2) A, Cl1-K1 3.2674(8) A, O1-N1—
S2 119.6(1)°, N1-S2—S1 113.27(7)°.

[SSNO]™ moiety in complex 3 possesses O—N, N—S§, and S—S
bond lengths of 1.247(2), 1.669(2), and 1.9526(9) A,
respectively, which agree well with those reported previously
for [PNP][SSNO] (PNP = Ph,PNPPh,).>* In addition, the K—
S (3.2013(8) A) and K—O (2.770(2) A) bond lengths are
comparable to those observed in 1. The UV—vis spectrum of 3
in acetonitrile features an absorbance at 443 nm. For
comparison, [PNP][SSNO] exhibits an absorbance of 448
nm in acetone.’® The IR spectrum (KBr mull) of complex 3
reveals a vyo mode at 1313 cm™, which is somewhat lower
than those observed for other [SSNO]™ salts.”**> This lower
value may be a consequence of the K---O dative interaction
observed in the solid state molecular structure of 3. Complex 3
is soluble in aromatic solvents, acetonitrile, and dichloro-
methane, and appears to be indefinitely stable when stored at
—25 °C as a solid under inert atmosphere.

The isolation of 3 from the reaction of [K(18-crown-
6)][(L®*)Ni"(S)] with NO demonstrates for the first time that
a transition metal sulfide can react with NO to form [SSNO]-,
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an observation that may have implications for our under-
standing of the reactions between NO and sulfur-containing
metallo-proteins in vivo.”® To account for the formation of 3,
we hypothesize that the first step of the transformation involves
sulfur abstraction by NO, forming “[K(18-crown-6)][SNO]”
and “[(L®)Ni']”. Subsequent reaction of “[(L™*)Ni']” with
NO vyields complex 2 (Scheme 1a), a transformation that has
been observed previously.”> Separately, reaction of “[K(18-
crown-6)][SNO]” with NO results in formation of complex 3
(Scheme 1b). Alternatively, it is possible that the first step of
the reaction yields a nickel-SNO adduct, e.g, [K(18-crown-
6)][(L®")Ni(SNO)], which subsequently reacts with NO to
yield the final products. To test this hypothesis, we monitored
the reaction of [K(18-crown-6)][(L®™*)Ni"(S)] with only 1
equiv of NO, which resulted in only partial consumption of
[K(18-crown-6)][(L*®*)Ni"(S)], and formation of complex 2
as the only identifiable Ni-containing product (Figures S6 and
S7). These two complexes are present in an approximately 1:2
ratio, respectively. The observation of unconsumed [K(18-
crown-6) ][ (L®)Ni"(S)] in the reaction mixture is consistent
with the proposed mechanism, assuming that the sulfide
abstraction step is rate determining. In addition, we monitored
the reaction of independently prepared [PNP][SNO]** with
nitric oxide by UV—vis spectroscopy (eq 2). Thus, exposure of
an MeCN solution of [PNP][SNO] to excess NO resulted in
complete consumption of [PNP][SNO], as revealed by the loss
of the absorption band at 334 nm, and the generation of
[PNP][SSNO], as revealed by the appearance of a new band at
445 nm (Figure S14). The other products generated in the
transformation remain unidentified; however, we can rule out
formation of N,O as it could not be detected in the reaction
mixture by either gas chromatography or IR spectroscopy.
Although conversion of [SSNO]™ to [SNO]™ was previously
reported,34 this is the first demonstration that [SNO]™ can be
converted into [SSNO]™ upon oxidation.

[PNP][SNO] L(C:)_) 0.5[PNP][SSNO] + other products
MeCN
2

In summary, the “masked” terminal nickel sulfide complex,
[K(18-crown-6)][(L®*)Ni"(S)], readily activates CO to give a
carbonyl sulfide complex, [K(18-crown-6)][(L®*)Ni(S,C:n*
SCO] (1), via CO addition across the Ni—S bond. This result
further highlights the high nucleophilicity of the sulfide ligand
in [K(18-crown-6)][(L™*)Ni"(S)], despite the K" capping
moiety that is present in both solution and the solid-state.
Moreover, complex 1 represents a well-defined example of a
late metal [COS]*~ adduct.”*°** The sulfide ligand in [K(18-
crown-6) ][ (L®*)Ni"(S)] also activates NO to generate a nickel
nitrosyl, [(L™)Ni(NO)] (2), and a perthionitrite salt, [K(18-
crown-6)][SSNO] (3). This result represents the first
confirmed generation of [SSNO]~ from reaction of a transition
metal sulfide with NO. This observation is significant because it
offers further support for the hypothesis that metal sulfides can
play a regulatory role in wvivo with respect to NO
availability.****” We have also discovered that oxidation of
[SNO]~ with NO results in formation of [SSNO]~. This
represents a new route to [SSNO]~, and provides us with a
better understanding of the fundamental chemistry of this
important, but poorly understood, ion.
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