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中 文 摘 要 ： 本計畫成功的合成[O,N]/[S,N]/[NH,N]配位形式的

{Fe(NO)2}10 DNICs,並對其化學反應性做出探討. 

同時,本計畫亦成功發現單核雙亞硝基鐵化合物及雙核雙亞硝

基鐵化合物之間的轉換可藉由其陽離子的不同來調控. 

中文關鍵詞： 雙亞硝基鐵化合物 

英 文 摘 要 ： The anionic {Fe(NO)2}10 DNICs [K-18-crown-6-

ether][(NO)2Fe(NC9H6-NH)] (1), [K-18-crown-6-

ether][(NO)2Fe(NC9H6-O)] (2), and [K-18-crown-6-

ether][(NO)2Fe(NC9H6-S)] (3) containing [N,NH], 

[N,O], and [N,S] ligations, respectively, were 

synthesized via displacing the TMEDA group of 

{Fe(NO)2}10 (TMEDA)Fe(NO)2 with  quinolin-8-amide, 

quinolin-8-olate, and quinolin-8-thiolate, 

respectively. The anionic {Fe(NO)2}10 DNICs 1-3 were 

characterized by IR, UV-vis, and single-crystal X-ray 

diffraction. The binding affinity of ligands ([NC9H6-

NH]－, [NC9H6-O]－,  and [NC9H6-S]－) toward the 

{Fe(NO)2}10 fragment were also investigated and 

followed the ligand-substitution series [NC9H6-S]－ 

 [NC9H6-O]－＞[NC9H6-NH]－. In addition, the 

displacement of TMEDA group of (TMEDA)Fe(NO)2 by [K-

18-crown-6-ether][SC6H4-o-NH2] and [PPh4][SC6H4-o-

NH2] afforded mononuclear {Fe(NO)2}10 DNIC [K-18-

crown-6-ether][(NO)2Fe(SC6H4-o-NH2)] (4) and 

dinuclear {Fe(NO)2}10-{Fe(NO)2}10 DNIC 

[PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 (5), respectively. 

Of importance, DNICs 4 and 5 are chemically 

interconvertible by introducing [PPh4]+ and [K-18-

crown-6-ether]+ into the solutions of DNICs 4 and 5, 

respectively. The observation that the countercation 

functions to modulate the formation of mononuclear 

{Fe(NO)2}10 DNIC 4 or dinuclear {Fe(NO)2}10-

{Fe(NO)2}10 DNIC 5 was also demonstrated upon 

reduction of the {Fe(NO)2}9 DNICs 

[cation][(NO)2Fe(SC6H4-o-NH2)2] (7) (cation = K-18-

crown-6-ether (7a), [PPh4] (7b)). 

英文關鍵詞： dinitrosyl iron complexes 
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These results are underprepared to submit. 

 

Introduction 

Nitric oxide (NO) is the first gaseous molecule known to act as a signaling 

molecule1 and it regulates multiple physiological processes including inflammation, 

immune system response,2 neuronal transmission,3 vasodilatation,4 and cancer 

therapy.5 As a result of the high reactivity of NO, dinitrosyl iron complexes (DNICs) 

have been recognized as endogenous NO carrier and storage as well as S-nitrosothiols 

(RSNOs).6 However, recent study has revealed that DNICs is more favorable for the 

storage and delivery of NO than the analogous bioorganic RSNOs which were 

traditionally considered to stabilize the highly reactive NO for transport to various 

biological process centers, because of the greater stability of DNICs than RSNOs.7 

The naturally occurring DNICs are classified into protein-bound DNICs and 

low-molecular-weight DNICs (LMW-DNICs). In vivo, protein-bound DNICs derived 

from NO-mediated degradation of Fe-S cluster containing proteins are considered as 

the storage of NO or {Fe(NO)2} moiety, and  LMW-DNICs yielded via the 

displacement of protein-bound DNICs with free thiols/thiolates are served probably as 

the donor of NO or {Fe(NO)2} moiety.8 Roussin’s red esters (RREs), the dimeric 

form of DNICs, are interconvertible to DNICs and considered to perform the same 

role as DNICs.8a, 9 The formation of protein-bound dimeric DNICs were observed 

upon nitrosylation of the [2Fe-2S] clusters in Rieske –type ToMOC protein10 and the 

[4Fe-4S] clusters in WhiB-like proteins.11 Furthermore, the formation of 

protein-bound RREs accompanied by protein-bound DNICs (4:1 molar ratio) has been 

reported upon the treatment of NO with the [4Fe-4S]2+ clusters of FNR, a hmp gene 

transcription regulator, on the basis of UV-vis and EPR spectra.9b, 12 As has been 

known, the identity and assignment of both sulfur-ligated protein-bound DNICs and 

LMW-DNICs are based on their distinctive electron paramagnetic resonance (EPR) 

signals at g = 2.03 while the characterization of dimeric DNICs in biological system is 

limited because of its EPR silence.8d, 13 Despite the major thiol components of cellular 

DNICs composed of cysteine and glutathione in vivo, cysteinate, histidine, 

deportonated imidazole, and tyrosinated may also trap the dinitrosyl iron moiety in 

enzymology based on EPR spectra.9b, 14 Recently, the single example of a 

crystallographically characterized protein-bound DNIC, derived from introducing an 

exogeneously formed (glutathione)2Fe(NO)2 into human glutathione S-transferase 

(GST P1-1), has been demonstrated.14a Enzyme recognition of the modified 

glutathione resulted in the binding of {Fe(NO)2} moiety within the active site of these 

enzyme through the phenolate oxygen of tyrosine of the active site and the sulfur from 

glutathione that would normally be expected to reside in the active site. Although the 
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protein-bound DNIC with [S,O] ligation mode was well characterized by X-ray 

diffraction, it is still difficult for  isolation and structural determination of the DNICs 

derived from NO-mediated biological processes. The difficulty has inspired the 

efforts in the syntheses of adequate DNICs to serve the spectroscopic references for 

the intermediates in the NO-mediated biological processes and the study of potential 

NO delivery systems.  

In the search of literature precedent in the area of synthetic DNICs, DNICs can 

be classified into the paramagnetic, oxidized form DNICs ({Fe(NO)2}
9 DNICs) and 

the diamagnetic, reduced from DNICs ({Fe(NO)2}
10 DNICs), based on the 

Enemark-Fetham notation.15 In contrast to numbers of {Fe(NO)2}
9 DNICs containing 

S/O/N-donor ligands,7b, 13e, 16 limited {Fe(NO)2}
10 DNICs are reported and commonly 

stabilized by CO, PR3 and N-containing ligands.16c, 17 Until recently, few {Fe(NO)2}
10 

DNICs bound with S-donor ligands were reported.18 As a matter of fact, the study of 

transformations between the oxidized {Fe(NO)2}
9 and the reduced {Fe(NO)2}

10 forms 

in biology has implicated that the transformations may regulate the role of DNICs for 

NO storage or as an NO donor.19 Moreover,  in addition to the typically dimeric 

DNICs with {Fe(NO)2}
9-{Fe(NO)2}

9 core, the dimeric DNICs containing 

{Fe(NO)2}
9-{Fe(NO)2}

9/{Fe(NO)2}
9-{Fe(NO)2}

10 core were prepared and 

characterized by IR, UV-vis, and single-crystal X-ray diffraction.18a, 18c, 20 In addition 

to traditionally four coordinated DNICs, efforts in the syntheses also led to the 

discovery of several DNICs of higher coordination number.21 

Based on the study of these reported DNICs, the discrimination of the 

{Fe(NO)2}
9 DNICs with various coordinated ligands (imidazolate, imidazole, amide, 

thiolate and carboxylate) has been established via the combination of EPR (pattern) 

and IR NO spectra (the separation of NO stretching frequencies).16f, 22 The 

interconversion among Roussin’s red ester (RRE), anionic {Fe(NO)2}
9 DNICs with 

[S,S]/[S,O]/[S,N]/[N,N] ligation modes, cationic {Fe(NO)2}
9 DNICs and neutral 

{Fe(NO)2}
10 DNICs with [N,N] coordination mode via protonation, bridged-thioate 

cleavage reactions triggered by incoming S/N/O-containing ligands, and ligand 

displacement reactions were demonstrated.7b, 13e, 16e, 16f In addition, the facile 

transformations and relative binding preference of phenolate, thiolate, imidazolate, 

and nitrite toward the {Fe(NO)2}
9 moiety  were also studied.13e Furthermore, the 

reversible interconversion with no dissociation of the coordinated ligands of the 

structurally analogous {Fe(NO)2}
9/{Fe(NO)2}

10 DNICs were also successfully 

demonstrated.18a, 18b Also, it is of importance to note that the EPR spectra of dinuclear  

{Fe(NO)2}
9-{Fe(NO)2}

10 DNICs which are identical to those of reduction of 

DNICs/aconitase and HiPIP-containing protein-bound DNIC reveals that the 

nitrosylation of the [4Fe-4S]2+ clusters of aconitase/HiPIP produces a mixture of the 
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mononuclear and dinuclear DNICs; namely, anionic RREs as DNICs are another 

forms in biological system for storage and transport of NO or {Fe(NO)2} moiety.20 

According to the study on the X-ray absorption spectra of these synthetic 

mononuclear and dinuclear DNICs, probing the formation of EPR-silent 

{Fe(NO)2}
9-{Fe(NO)2}

9 and {Fe(NO)2}
10-{Fe(NO)2}

10 in biology has been made 

possible via the Fe K-edge pre-edge energies ;13e, 18a in the meantime, unambiguous 

characterization and discrimination the various oxidation-state dinuclear 

{Fe(NO)2}
9/10-{Fe(NO)2}

9/10 DNICs is also established by the distinct S K-edge 

pre-edge energy and pattern of these DNICs.23 In this manuscript, the synthesis, 

reactivity, and transformation of the anionic {Fe(NO)2}
10 [(NO)2Fe(NC9H6-NH)] (1), 

[(NO)2Fe(NC9H6-O)]  (2), and [(NO)2Fe(NC9H6-S)]  (3), were described. The 

binding affinity of toward the {Fe(NO)2}
10 motif was investigated. Additionally, the 

syntheses and interconversion of anionic [(NO)2Fe(SC6H4-o-NH2)]
  (4) and dianionic 

{Fe(NO)2}
10-{Fe(NO)2}

10 [(NO)2Fe(-SC6H4-o-NH2)]2
2- (5)  were delineated. Also, 

the transformations of anionic {Fe(NO)2}
10 (4) and dianionic 

{Fe(NO)2}
10-{Fe(NO)2}

10 (5) into anionic {Fe(NO)2}
9, anionic 

{Fe(NO)2}
10-{Fe(NO)2}

9 and neutral {Fe(NO)2}
9-{Fe(NO)2}

9 DNICs were 

demonstrated. 

 

 

Results and Discussion 

Syntheses of monomeric {Fe(NO)2}
10 DNICs containing quinolin-8-amide (1) 

([NC9H6-NH]), quinolin-8-olate (2) ([NC9H6-O]), quinolin-8-thiolate (3) 

([NC9H6-S]). It has been demonstrated that {Fe(NO)2}
10 DNICs bound with [S,S] 

and [N, N] ligations can be easily prepared by displacing the TMEDA group of 

(TMEDA)Fe(NO)2 precursor with two equiv of thiolates and amides, respectively.18b 

In order to study the properties of {Fe(NO)2}
10 DNICs with different ligations, a 

series of {Fe(NO)2}
10 DNICs containing [N, NH], [N, S] and [N,O] ligations were 

prepared as shown in Scheme 1a-c. After (TMEDA)Fe(NO)2 and one equiv of 

[K-18-crown-6-ether][NC9H6-NH], [K-18-crown-6-ether][NC9H6-O],  and 

[K-18-crown-6-ether][NC9H6-S] were stirred, respectively, in THF at ambient 

temperature under N2 atmosphere overnight, the substantial amounts of 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-NH)] (1), 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-O)] (2), and 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-S)] (3) were crystallized from THF-hexane as 

purple crystals of complex 1 in 71.7% yield, yellow-brown crystals of complex 2 in 

71.5% yield, and dark-red crystals of complex 3 in 79.9%, respectively, and 

characterized by IR, UV-vis, 1H NMR and single-crystal X-ray diffraction. In contrast 
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to numerous of the anionic {Fe(NO)2}
9 DNICs bound with S/N/O-containing lignads, 

complexes 1, 2, and 3 are the rare examples of anionic {Fe(NO)2}
10 DNICs 

coordinated by S/N/O-containing lignads, characterized by single-crystal X-ray 

diffraction. Complexes 1, 2 and 3 are soluble in THF/CH3CN and exhibit extremely 

air sensitivity. The sharp, well-resolved 1H NMR spectra of complexes 1, 2 and 3 

revealed that complexes 1, 2 and 3 are diamagnetic as expected for the {Fe(NO)2}
10 

species. The IR spectra for complexes 1, 2, and 3 exhibited the same pattern but 

differed slightly in positions. The IR spectra showing the diagnostic IR NO stretching 

frequencies at 1655 m and 1603 s cm-1 (THF) with ΔνNO = 52 cm-1 (ΔνNO  is the 

separation of NO stretching frequencies 1655 m and 1603 s cm-1)  for complex 1, at 

1674 m, 1619 s cm-1 (THF) with ΔνNO = 55 cm-1 for complex 2, at 1660 m, 1612 s (3) 

cm-1 (THF) with ΔνNO = 48 cm-1 for complex 3, are comparable with those of the 

other anionic {Fe(NO)2}
10 DNICs.16c, 18c The shifts of IR NO frequency to the lower 

wavenumbers for the series of complexes 2, 3, and 1 indicates that the electronic 

donating ability of a given bidentate ligand ([NC9H6-NH]－ , [NC9H6-O]－  and 

[NC9H6-S]－) to the {Fe(NO)2}
10 motif is on the order of [NC9H6-NH]－  [NC9H6-S]－

 [NC9H6-O]－.  

Scheme 1. 
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In addition, in order to realize the binding preference of {Fe(NO)2}
10 motif, the 

relative binding affinity of the {Fe(NO)2}
10 motif toward ligands [NC9H6-NH]－, 

[NC9H6-O]－ and [NC9H6-S]－ was determined by the ligand-exchange reactions 
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(Scheme 1d-f). Reaction of complex 1 and one equiv of [NC9H6-O]－and [NC9H6-S]－, 

respectively, in THF solution at ambient temperature resulted in the shift in IR NO 

from 1655 m, 1603 s cm-1 to 1674 m, 1619 s cm-1 and 1660 m, 1612 s cm-1, 

respectively, which were in accordance with the formation of complexes 2 and 3, 

respectively (Scheme 1f and 1d). Similarly, the ligand-substitution reaction of 

complex 2 with one equiv of [NC9H6-S]－  was also conducted. Conversion of 

complex 2 into complex 3, monitored by IR NO spectroscopy (the shift of the NO 

stretching frequencies from 1674 m, 1619 s cm-1 to 1660 m, 1612 s cm-1), was 

observed when a THF solution of complex 2 was reacted with one equiv of [NC9H6-S]
－at ambient temperature (Scheme 1e). The results of these ligand-displacement 

reactions concluded that the binding affinity of ligands ([NC9H6-NH]－, [NC9H6-O]－ 

and [NC9H6-S]－) toward the {Fe(NO)2}
10 motif is in the order of [NC9H6-S]－＞

[NC9H6-O]－＞[NC9H6-NH]－. The trend of binding affinity for these given ligands 

toward the {Fe(NO)2}
10 motif is not consistent with the previous result that the 

{Fe(NO)2}
10 moiety shows a stronger binding affinity toward the weaker 

electron-donating ligands while the {Fe(NO)2}
9 motif shows a more favorable 

binding preference for the stronger electron-donating ligands over the weaker 

electron-donating ligands.18b Presumably, the conversions of complexes 1 and 2 to 

complex 3 is ascribed that the stronger interaction between the soft thiolate ligand and 

the electron rich {Fe(NO)2}
10 motif (soft-soft interaction) dominates over the 

electronic effect of ligands toward {Fe(NO)2}
10 motif. Combination of the studies on 

the binding affinity for the S/N/O containing lignads toward {Fe(NO)2}
10 and 

{Fe(NO)2}
9 moieties may imply that both of the nature occurring protein-bound 

{Fe(NO)2}
10 and {Fe(NO)2}

9 DNICs prefer binding to the proteins through the 

thiolate groups of cysteinate/glutathione side chains in the biological systems.  

Synthesis and Reactivity of dimeric {Fe(NO)2}
10 DNIC. In a similar fashion, 

synthesis of another anionic monomer {Fe(NO)2}
10 DNIC bound with [N,S] ligation 

by reaction of (TMEDA)Fe(NO)2 and one equiv of 

[K-18-crown-6-ether][SC6H4-o-NH2] was investigated in CH3CN under the nitrogen 

atmosphere at ambient temperature. The shift in IR NO from 1690 m, 1634 s cm-1 to 

1657 m, 1607 s cm-1 (CH3CN) is in accordance with the formation of the monomeric 

{Fe(NO)2}
10 [K-18-crown-6-ether][(NO)2Fe(SC6H4-o-NH2)] (4), which was 

characterized by IR, UV-vis, 1H NMR, and single-crystal X-ray diffraction (Scheme 

2a). In contrast to the reaction of (TMEDA)Fe(NO)2 with 

[K-18-crown-6-ether][SC6H4-o-NH2] yielding the monomeric complex 4, the 

treatment of (TMEDA)Fe(NO)2 and [PPh4][SC6H4-o-NH2] in 1:1 stoichiometry in 

CH3CN led to the formation of dimeric [PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 (5) 

(Scheme 2b) which was isolated as thermally stable, crystalline solids, and identified 
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by IR, UV-vis, 1H NMR, and single-crystal X-ray diffraction. Up to now, only one 

example of the dianionic reduced RRE containing two {Fe(NO)2}
10 motifs bridged by 

thiolates has been reported.18a Complex 5 is soluble in the solution of THF-DMSO 

(1:1 volume ratio) and exhibits extremely air-sensitive in solution but is stable to air 

for minutes in the solid state. The IR spectrum of complex 5 displays the diagnostic 

IR NO stretching frequencies at 1650 m, 1598 s cm-1 (THF: DMSO = 1:1 (v/v)) with 

NO = 52 cm-1), consistent with the IR NO stretching frequencies of the other 

dimeric {Fe(NO)2}
10-{Fe(NO)2}

10 species.18a Based on the sharp, well resolved 1H 

NMR spectrum, the absence of EPR signal and paramagnetism, complex 5 is best 

described as a dianionic reduced RRE with a diamagnetic {Fe(NO)2}
10-{Fe(NO)2}

10 

core. Compared to the Fe K-edge pre-edge energy of 7113.2 eV for 

[PPN]2[(NO)2Fe(-StBu)]2, complex 5 shows the slightly higher pre-edge energy at 

7113.3 eV (Figure 1). The relatively weaker electron-donating [SC6H4-o-NH2]
－ 

inducing the relatively electron deficient  {Fe(NO)2}
10-{Fe(NO)2}

10 core of complex 

5, compared to that of [PPN]2[(NO)2Fe(-StBu)]2, may rationalize the slightly higher 

pre-edge energy for complex 5. Interestingly, we also noted that complexes 4 and 5 

were interconvertible via exchanging the cations of complexes 4 and 5, respectively, 

as presented in Scheme 2c and 2c’. Upon the addition of [PPh4][Br] into a CH3CN 

solution of complex 4 in 1:1 stoichiometry overnight, the transformation from 

complex 4 to complex 5 was demonstrated by  the formation of the dark green 

crystals of complex 5, identified by two characteristic stretching bands at 1647 s, 

1606 s cm-1 (KBr) of IR spectrum. Reversibly, conversion of complex 5 to complex 4 

was displayed when CH3CN-THF solution (1:1 volume ratio) of [K][BPh4] and 

18-crown-6-ether were stirred with complex 5 at ambient temperature overnight. 

After recrystallizing the reaction product, the characteristic IR NO stretching 

frequencies at 1645 s, 1605 s cm-1 (CH3CN) was in accordance with the formation of 

complex 5. It seems that the intermolecular [Fe(SR)…(K+)] interaction of complex 4, 

verified by single-crystal X-ray diffraction in the solid state, triggers the 

interconversion between complexes 4 and 5. Presumably, the intermolecular 

[Fe(SR)…(K+)] interaction of complex 4 diminished the donation  of electron 

density from the bidentated [SC6H4-o-NH2]
－ to the Fe center and stabilized the 

monomeric {Fe(NO)2}
10 complex 4. Reversely, the displacement of 

[K-18-crown-6-ether] with [PPh4] quenched the intermolecular [Fe(SR)…(K+)] 

interaction of complex 4; meanwhile, the resulting relatively more donation of 

electron density from the bidentated [SC6H4-o-NH2]
－ to the Fe center induced the 

liberation of N atom of  [SC6H4-o-NH2]
－  from Fe center and subsequently 

dimerized to yield complex 5. The interconversion between complexes 4 and 5 

implicates that the [Fe(Cys)…(cation)]/ [Fe(Cys)…(H)] interaction existing between 
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the surrounding environment and the monomeric/dimeric {Fe(NO)2}
10 DNICs may 

regulate the interconversion between the dimeric {Fe(NO)2}
10 DNICs with bridging 

cysteinates and the monomeric {Fe(NO)2}
10 DNICs coordinated with the S and N 

atoms of cysteinate in biological system.   

Scheme 2. 
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+
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The transformations of the monomeric and dimeric {Fe(NO)2}

10 DNICs into 

monomeric {Fe(NO)2}
9 DNICs  were demonstrated as shown in Scheme 2d and 2e 

by the reactions of complexes 4 and 5 with 1 equiv of (SC6H4-o-NH2)2, respectively, 
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in THF at ambient temperature and monitored by IR NO spectroscopy. The IR NO 

stretching frequencies at 1739 s, 1694 s cm-1 (THF) indicated the formation of 

[(NO)2Fe(SC6H4-o-NH2)2]
－ (7) (cation = K-18-crown-6-ether (7a), [PPh4] (7b)) via 

oxidation addition of   (SC6H4-o-NH2)2 into the {Fe(NO)2}
10 core of complexes 4 

and 5, respectively. Reversibly, chemical reduction of complexes 7a and 7b were 

demonstrated (Scheme 2d’ and 2e’) and monitored by IR NO spectroscopy. 

Reduction of complex 7a with KHBEt3 in the presence of 18-crown-6-ether and 

reduction of complex 7b with excess Cp2Co resulted in the yellow-brown solids and 

green precipitates, respectively.  The IR spectra of the yellow-brown solids and 

green precipitates showed the NO stretching frequencies at 1643 m, 1585 s and 1648 

s, 1606 s cm-1(KBr), respectively, consistent with the formation of complexes 4 and 5. 

Obviously, chemical reduction the {Fe(NO)2}
9 core in complex 7 to the electron rich 

{Fe(NO)2}
10 motif led to the liberation of one [SC6H4-o-NH2]

 － from the Fe center 

and formation the monomeric complex 4 and dimeric complex 5, respectively, 

depended on the choice of the distinct  cations. 

As presented in Scheme 2f’, when complex 5 reacted with [Cp2Fe][PF6] in 1:1 

stoichiometry at ambient temperature under inert atmosphere, transformation of 

complex 5 into [PPh4][(NO)2Fe(-SC6H4-o-NH2)]2 (8) was observed and identified by 

IR, Uv-vis, EPR spectroscopy and single-crystal X-ray diffraction. The characteristic 

IR NO stretching frequencies at 1687 s, 1666 s cm-1 (THF) was consistent with the 

formation of {Fe(NO)2}
9-{Fe(NO)2}

10 complex 8 via one-electron oxidization of the 

{Fe(NO)2}
10-{Fe(NO)2}

10 complex 5. Alternatively, serving the {Fe(NO)2}
9 complex 

7 as the chelating metallo-ligand to displace the TMEDA group of the {Fe(NO)2}
10 

(TMEDA)Fe(NO)2 also afforded the {Fe(NO)2}
9-{Fe(NO)2}

10 complex 8 (Scheme 

2g). Complex 8 displays an isotropic EPR signal at g = 2.001 at 298 K (Figure S1 in 

the supporting information (SI)), which is consistent with the other [(NO)2Fe(SR)]2
－ 

species whose isotropic g values fall in the range of 1.998-2.004.17d, 20 Cyclic 

voltammogram  of complex 8 has been recorded in CH3CN solution containing 0.1 

M [N(n-Bu)4][PF6] as supporting electrolyte by a glassy carbon working electrode and 

a Ag/AgNO3 reference electrode at room temperature (scan rate 0.1 V/s). Remarkably, 

the cyclic voltammogram of complex 8 reveals two reversible oxidation-reduction 

processes at -0.82 and -1.24 V (E1/2 vs Fc+/Fc) (Figure S2 in the SI). The redox 

potential at -0.82 V is assigned for the 

{Fe(NO)2}
9-{Fe(NO)2}

9/{Fe(NO)2}
9-{Fe(NO)2}

10 couple corresponding to chemical 

oxidation of complex 8 as shown in scheme 2i’; meanwhile, the redox potential at 

-1.24 V is assigned for the {Fe(NO)2}
9-{Fe(NO)2}

10/{Fe(NO)2}
10-{Fe(NO)2}

10 

couple corresponding to the chemical reduction of complex 8 as shown in 2f. The 

oxidation of complex 8 was demonstrated by reaction of complex 8 with [Cp2Fe][PF6] 
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in a 1:1 stoichiometry at ambient temperature (Scheme 2i’). The IR spectrum 

displaying the NO stretching frequencies at 1807 w, 1778 s, 1751 s cm-1 (THF) was 

consistent with the formation of {Fe(NO)2}
9-{Fe(NO)2}

9 complex 6. Reversibly, 

reduction of complex 6 into [(NO)2Fe(-SC6H4-o-NH2)]2
 under the presence of 

Cp2Co was displayed and monitored by IR spectra. The formation of 

[Cp2Co][(NO)2Fe(-SC6H4-o-NH2)]2
 was confirmed by the IR NO stretching bands at 

1686 s, 1665 s cm-1 (DMSO: THF = 1:1 (v/v)) (Scheme 2i). The further reduction of 

[(NO)2Fe(-SC6H4-o-NH2)]2
 into [(NO)2Fe(-SC6H4-o-NH2)]2

2 was also observed 

upon the addition of excess Cp2Co to the solution of 

[Cp2Co][(NO)2Fe(-SC6H4-o-NH2)]2 (DMSO: THF = 1:1 (v/v) at ambient 

temperature. The shift of NO stretching frequencies from 1686 s, 1665 s cm-1 to 1650 

s, 1598 s (DMSO: THF = 1:1 (v/v) was assigned to the formation of 

[Cp2Co]2[(NO)2Fe(-SC6H4-o-NH2)]2 (Scheme 2f). We also noted that the 

intermolecule electron transfer  occurred between {Fe(NO)2}
9-{Fe(NO)2}

9 complex 

6 and {Fe(NO)2}
10-{Fe(NO)2}

10 complex 5.  As shown in Scheme 2f’, reaction of 

complex 6 with complex 5 in THF at ambient temperature overnight resulted in two 

strong absorption bands at 1687 s, 1666 s cm-1 which was consistent with the 

formation of complex 8. Obviously, complexes 5, 6 and 8 are chemically convertible 

via redox processes as displayed in Scheme 2f-2f’ and 2i-2i’ and the interconversion 

among complexes 5, 6 and 8 also implicated that in addition to the role for the storage 

and transfer of NO, DNICs also probably serve as the role for the storage and 

transport of electrons. Schemes 2h and 2h’ demonstrated the reversible 

interconversion between monomeric {Fe(NO)2}
9 complex 7 and  dimeric 

{Fe(NO)2}
9-{Fe(NO)2}

9 complex 6 via oxidation of complex 7 with Cp2FePF6 and 

bridged-thiolate cleavage of complex 6 with two equiv of thiolates, which has been 

known in the previous reports.24 

Structures. Figures 25 display the thermal ellipsoid plots of complexes 14, 

respectively, and the selected bond distances and angles are given in the figure 

captions. The strain effect of the chelating ligands in the coordination sphere of 

complexes 14 accounts for the distorted tetrahedral geometry of Fe with 

N(3)Fe(1)N(4) bond angle of 77.2(6)° for complex 1, N(3)Fe(1)O(3) bond angle 

of 79.1(3)° for complex 2, N(3)FeS(1) bond angle of 83.11(7)° for complex 3, and 

N(3)Fe(1)S(1) bond angles of 84.27° for complex 4, respectively. The observations 

of complexes 14 that N(NO)MN(NO) bond angles are less than 120° and two 

oxygen atoms bend toward each other (complex 1: N(1)Fe(1)N(2) 113.2(5)°  

O(1)Fe(1)O(2) 104.3(3)°; complex 2: N(1)Fe(1)N(2) 114.4(4)°  

O(1)Fe(1)O(2) 105.6(2)°; complex 3: N(1)FeN(2) 117.56(12)°  

O(1)FeO(2) 109.48(7)°; complex 4: N(1)Fe(1)N(2) 116.2(3)°  
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O(1)Fe(1)O(2) 106.6(2)°) indicates that the iron-dinitrosyl groups of complexes 

14 are considered as “attracto” conformations. The observations are consistent with 

the suggestion that the “attracto” conformations are generally favored in the first-low 

transition-metal complexes bound with good -acceptor ligands.25 The Fe(1)N(3) 

distance of 2.045(7) Å in complex 2 is comparable to the average FeN distances of 

2.046(4) Å in Fe(NO)2(1-MeIm)2
17e and Fe(NO)2(bipy)17d; meanwhile, Fe(1)N(4) 

distance of 2.053(15) Å in complex 1, FeN(3) distance of 2.067(2) Å in complex 3 

and Fe(1)N(3) distance of 2.085(5) Å in complex 4 are longer than the average 

FeN distances of 2.046(4) Å in Fe(NO)2(1-MeIm)2 and Fe(NO)2(bipy). The average 

FeN(NO) bond distances of 1.652(3) Å and 1.647(6) Å in complexes 3 and 4, 

respectively, are comparable to those reported in Fe(NO)2(1-MeIm)2 (average value: 

1.649(3) Å) and Fe(NO)2(bipy) (average value: 1.650(4) Å), but the average FeN(NO) 

bond distances of 1.622(10) Å and 1.620(11) Å in complexes 1 and 2, respectively, 

are clearly shorter than those found in Fe(NO)2(1-MeIm)2 and Fe(NO)2(bipy). The 

average N-O bond lengths of 1.209(3) Å and 1.200(7) Å in complexes 3 and 4, 

respectively, exactly fall in the range of 1.214(6)－1.189(4) Å observed in neutral 

{Fe(NO)2}
10 DNICs and meanwhile, the average NO bond lengths of 1.183(13) Å in 

complex 1 and that of 1.230(13) Å in complex 2 are nearly at the lower and upper end 

of 1.214(6)－1.189(4) Å, respectively, for the neutral {Fe(NO)2}
10 DNICs.16e 

The single-crystal X-ray structures of complexes 5 and 8 are depicted in Figures 

6 and 7, and selected bond dimensions are presented in the figure captions. Complex 5 

possesses crystallographically imposed centrosymmetry. Two nitrosyl groups and 

bridging thiolates define the distorted tetrahedral geometry of each iron atom, leading 

to acute angle Fe－S(1)－Fe(A) 99.76(6)° and S(1)－Fe(1)－S(1A) 80.24(6)°. 

Compared to [PPN]2[(NO)2Fe(-StBu)]2 displaying the butterfly-like structure of the 

[Fe(S)2Fe] core,18a the geometry of the [Fe(-S)2Fe] core in complex 5 is best 

described as a planar rhombus with two 2-aminophenyl groups adopting an anti 

configuration in the solid. In contrast, the geometry of the [Fe(-S)2Fe] core in 

complex 8 is best described as a slightly butterfly-like structure with a dihedral angle 

of 175.86° (the intersection of two Fe2S planes) in the solid state. The apparently 

longer Fe…Fe(A) distance (3.6408(15) Å) of complex 5 and Fe(1)…Fe(2) distance 

(2.9258(5) Å) of complex 8, compared to that of 2.7065(14) Å in complex 

[(NO)2Fe(-SC6H4-o-NH2)]2 (6) (Figure S3 in the SI), reveal the absence and weaker 

Fe…Fe interaction in complexes 5 and 8, respectively. Meanwhile, the mean bridging 

FeS bond distances of 2.3805(18) Å and 2.3128(7) Å observed in complexes 5 and 8, 

respectively, are longer than that of 2.2729(15) Å found in complex 6. The longer 

mean bridging FeS and Fe…Fe distances found in complexes 5 and 8, respectively, 

indicate that transformation of {Fe(NO)2}
9{Fe(NO)2}

9 complex 6 to 
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{Fe(NO)2}
9{Fe(NO)2}

10 complex 8 and {Fe(NO)2}
10{Fe(NO)2}

10 complex 5 

results in the elongation of bridging FeS distances and the relief of Fe…Fe 

interaction. The shorter FeN bond distances of 1.664(5) Å and 1.662(2) Å and the 

longer N−O bond distances of 1.186(7) Å and 1.182(3) Å observed in complexes 5 

and 8, respectively, compared to the FeN bond distance of 1.673(5) Å and the N−O 

bond distance of 1.160(6) Å found in complex 6, are consistent with the better metal 

-back-donation to the NO antibonding orbital in complexes 5 and 8.  

Conclusion and Comments 

    Studies on the monomeric dinitrosyl iron complexes 1-4 and dimeric dinitrosyl 

iron complex 5 have resulted in the following results: 

(1) The mononuclaer {Fe(NO)2}
10 DNICs containing quinolin-8-amide (1) 

([NC9H6-NH]), quinolin-8-olate (2) ([NC9H6-O]), quinolin-8-thiolate (3) 

([NC9H6-S])  were synthesized successfully. The study on the binding 

preference of {Fe(NO)2}
10 moiety for quinolin-8-amide, quinolin-8-olate, 

quinolin-8-thiolate via the ligand-substitution reaction demonstrated that the 

binding affinity of these lignads toward {Fe(NO)2}
10 motifs, respectively, was in 

the order of [NC9H6-S]－＞[NC9H6-O]－＞[NC9H6-NH]－. The preferred formation 

of thermally stable thiolate-containing {Fe(NO)2}
10 DNICs may be depicted as 

that the predominance of interaction between the softer donor and softer 

{Fe(NO)2}
10 motif overwhelmed the favorable interaction between the weaker 

electron-donating ligand and electron rich {Fe(NO)2}
10 motif. This result in 

combination of the previously similar study on {Fe(NO)2}
9 moiety reveals that  

the protein-bound DNICs found in biological systems would show much favor to 

bind {Fe(NO)2}
9/{Fe(NO)2}

10 motifs through the thiolate groups of 

cysteinate/glutathione side chains.  

(2) The chemical interconversions among the {Fe(NO)2}
10 [(NO)2Fe(SC6H4-o-NH2)]

－  (4), {Fe(NO)2}
10-{Fe(NO)2}

10 [(NO)2Fe(-SC6H4-o-NH2)]2
2- (5), 

{Fe(NO)2}
10-{Fe(NO)2}

9 [(NO)2Fe(-SC6H4-o-NH2)]2
－  (8), 

{Fe(NO)2}
9-{Fe(NO)2}

9 [(NO)2Fe(-SC6H4-o-NH2)]2 (6), and {Fe(NO)2}
9  

[(NO)2Fe(SC6H4-o-NH2)2]
－  (7) are demonstrated. The isolation of the 

homologous dinuclear DNIC redox partners ([(NO)2Fe(-SC6H4-o-NH2)]2
2-, 

[(NO)2Fe(-SC6H4-o-NH2)]2
－, and [(NO)2Fe(-SC6H4-o-NH2)]2) may imply the 

possibility of DNICs serving as the storage of electrons, such as Fe-S cluster in 

bioprocesses.  

(3) Chemical reduction of {Fe(NO)2}
9 [(NO)2Fe(SC6H4-o-NH2)2]

－  (7a)/(7b) by 

[K-18-crown-6ether][HBEt3] and CoCp2 affording  [(NO)2Fe(SC6H4-o-NH2)]
－ 

(4) and [(NO)2Fe(-SC6H4-o-NH2)]2
2- (5), respectively, revealed that the 

intermolecular [Fe(SR)…(K+)] interaction, verified by single-crystal X-ray 
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diffraction study, may modulate the formation of mononuclear {Fe(NO)2}
10 (4) 

and dinuclear {Fe(NO)2}
10-{Fe(NO)2}

10 (5). The crucial role of the intermolecular 

[Fe(SR)…(K+)] interaction in regulation the existence of mononuclear 

{Fe(NO)2}
10 (4) or dinuclear {Fe(NO)2}

10-{Fe(NO)2}
10 (5) is also verified by the 

interconversion of complexes 4 and 5 via introducing the different counter cations. 

We expect that syntheses of the anionic {Fe(NO)2}
10 complexes 1-4 may 

support/unravel the presence of the  protein-bound {Fe(NO)2}
10 DNICs with 

[N,N]/[N,S]/[N,O] ligations in the biological system. The reversible conversion from 

complex 4 to complex 5, induced by the choice of cations, may provide the 

opportunity to demonstrate that the [Fe(Cys)…(cation)]/[Fe(Cys)…(H)] interaction 

between the surrounding environment and the protein-bound monomeric/dimeric 

{Fe(NO)2}
10 DNICs modulates  the possible binding modes of {Fe(NO)2} fragment 

in cysteine-containing biomolecules. 

 

Experimental Section 

Manipulations, reactions, and transfers were conducted under nitrogen according to 

Schlenk techniques or in a glovebox (nitrogen gas). Solvents were distilled under 

nitrogen from appropriate drying agents (methylene chloride from CaH2; acetonitrile 

from CaH2-P2O5; diethyl ether, hexane and tetrahydrofuran (THF) from sodium 

benzophenone) and stored in dried, N2-filled flasks over 4Å molecular sieves. 

Nitrogen was purged through these solvents before use. Solvent was transferred to the 

reaction vessel via stainless cannula under positive pressure of N2. The reagents 

tetraphenylphosphonium bromide ([PPh4][Br]), iron pentacarbonyl (Strem), 

18-crown-6-ether, (Aldrich-Sigma), N,N,N′,N′-Tetramethylethylenediamine 

(TMEDA), nitrosonium tetrafluoroborate (Alfa Aesar), 8-aminoquinoline, 

8-quinolinol (TCI), 8,8'-dithiodiquinoline and 2-aminothiophenol (Acros) were used 

as received. [PPN][Fe(CO)3(NO)], and (TMEDA)Fe(NO)2 have been prepared 

according to the literature procedure.16e, 26 Infrared spectra of the carbonyl ν(CO) and 

the nitrosyl ν(NO) stretching frequencies were recorded on Bruker ALPHA FT-IR 

spectrophotometer and Thermo FT-IR Nicolet iS5/iD1 spectrophotometer with sealed 

solution cells (0.1 mm, KBr/CaF2 windows) or KBr disc. UV/vis spectra were 

recorded on a Thermo Evolution 201 UV-Visible spectrophotometer. Cyclic 

voltammetry (CV) was carried out with a CH Instruments electrochemical analyzer 

611C. A three-electrode system consisted of a glassy carbon working electrode, a 

platinum wire auxiliary electrode, and a 0.1 M Ag/Ag+ reference electrode. All CV 

data were recorded with the scan rate of 0.1 Vs-1 in CH3CN with tetrabutylammonium 

hexafluorophosphate as the supporting electrolyte. All potential values are reported 

verse ferrocene/ferrocenium ion. X-band EPR spectrum was recorded on a Bruker 
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Elexsys E-580 spectrometer. 1H NMR spectra were obtained on a Varian AC 400 

spectrometer. Element Analyses of carbon, hydrogen, and nitrogen were obtained 

with a Heraeus CHN-O-S-Rapid Analyzer. 

Preparation of [K-18-crown-6-ether][(NO)2Fe(NC9H6-NH)] (1). 

8-aminoquinoline (0.072 g, 0.5 mmol), potassium tert-butoxide (0.058 g, 0.5 mmol) 

and 18-crown-6-ether (0.134 g, 0.5 mmol) loaded in a 20 mL Schlenk tube were 

dissolved in THF (7 mL). The solution was stirred overnight at ambient temperature 

under N2 atmosphere and then the resulting suspension was transferred into the 

Schlenk flask containing [(TMEDA)Fe(NO)2] (0.116 g, 0.5 mmol) by cannula under 

positive N2 pressure. After being stirred for 2 h at ambient temperature, the reaction 

mixture was filtered through Celite to remove the insoluble solid. Hexane was added 

slowly to the layer above the THF solution. The flask was tightly sealed and kept in 

the refrigerator at -20℃ for 3 days. The purple crystals of 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-NH)] (1) suitable for single-crystal X-ray 

diffraction analysis were isolated. (yield 0.202 g, 71.7%). IR νNO : 1655 m, 1603 s 

cm-1 (THF); 1651 m, 1599 s cm-1 (CH3CN); 1646 m, 1650 s cm-1 (KBr). 1H NMR 

(CD3CN): δ 7.84 (d), 7.80-7.81 (m), 7.03-6.97 (m), 6.30 (dd), 6.18 (dd) ppm. 

Absorption spectrum (THF) [λmax, nm (є, M-1 cm-1)]: 348(9728). Anal. Calcd for 

C21H31FeKN4O8: C, 44.85; H, 5.56; N, 9.96. Found: C, 44.29; H, 6.01; N, 9.80.  

Preparation of [K-18-crown-6-ether][(NO)2Fe(NC9H6-O)] (2). 8-quinoline 

(0.073 g, 0.5 mmol), potassium tert-butoxide (0.058 g, 0.5 mmol) and 

18-crown-6-ether (0.134 g, 0.5 mmol) loaded in a 20 mL Schlenk tube were dissolved 

in THF (7 mL). The solution was stirred overnight at ambient temperature under N2 

atmosphere and then the resulting suspension was transferred into the Schlenk flask 

containing [(TMEDA)Fe(NO)2] (0.116 g, 0.5 mmol) by cannula under positive N2 

pressure. After being stirred for 2 h at ambient temperature, the reaction mixture was 

filtered through Celite to remove the insoluble solid. Hexane was added slowly to the 

layer above the THF solution. The flask was tightly sealed and kept in the refrigerator 

at -20℃ for 3 days. The yellow-brown crystals of 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-O)] (2) suitable for single-crystal X-ray 

diffraction analysis were isolated. (yield 0.201 g, 71.5%). IR νNO : 1674 m, 1619 s 

cm-1 (THF); 1667 m, 1613 s cm-1 (CH3CN); 1671 m, 1613 s cm-1 (KBr). 1H NMR 

(CD3CN): δ 8.12 (dd), 7.84 (dd), 7.33 (t), 7.17-7.20 (m), 6.74 (dd), 6.65 (dd) ppm. 

Absorption spectrum (THF) [λmax, nm (є, M-1 cm-1)]: 341(5262), 420(2376), 558(698). 

Anal. Calcd for C21H30FeKN3O9: C, 44.77; H, 5.37; N, 7.46. Found: C, 44.53; H, 5.55; 

N, 7.57.  

Preparation of [K-18-crown-6-ether][(NO)2Fe(NC9H6-S)] (3). 

[(TMEDA)Fe(NO)2] (0.047 g, 0.2 mmol), [K][NC9H6-S] (0.039 g, 0.2 mmol) and 
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18-crown-6-ether (0.053 g, 0.2 mmol) loaded in a 20 mL Schlenk tube were dissolved 

in THF (7 mL). The solution was stirred overnight at ambient temperature under N2 

atmosphere and then the reaction mixture was filtered through Celite to remove the 

insoluble solid. Hexane was added slowly to the layer above the THF solution. The 

flask was tightly sealed and kept in the refrigerator at -20℃ for 3 days. The dark red 

crystals of [K-18-crown-6-ether][(NO)2Fe(NC9H6-S)] (3) suitable for single-crystal 

X-ray diffraction analysis were isolated. (yield 0.093 g, 79.9%). IR νNO : 1660 m, 

1612 s cm-1 (THF); 1659 m, 1611 s cm-1 (CH3CN); 1655 m, 1607 s cm-1 (KBr). 1H 

NMR ((CD3)2SO): δ 8.39 (d), 8.26 (dd), 7.62-7.65 (m), 7.25-7.29(m), 7.22-7.23 (m) 

ppm. Absorption spectrum (THF) [λmax, nm (є, M-1 cm-1)]: 332(6936), 411(5717), 

509(3107), 746(407). Anal. Calcd for C21H30FeKN3O8S: C, 43.53; H, 5.22; N, 7.25. 

Found: C, 43.17; H, 5.65; N, 7.65.  

Preparation of [K-18-crown-6-ether][(NO)2Fe(SC6H4-o-NH2)] (4). 

[(TMEDA)Fe(NO)2] (0.232 g, 1 mmol), [K][SC6H4-o-NH2] (0.163 g, 1 mmol) and 

18-crown-6-ether (0.267 g, 1 mmol) loaded in a 20 mL Schlenk tube were dissolved 

in CH3CN (5 mL). The solution was stirred overnight at ambient temperature under 

N2 atmosphere and then the reaction mixture was filtered through Celite to remove the 

insoluble solid. 5 mL of hexane and 10 mL of diethyl ether were added to precipitate 

the green solid [K-18-crown-6-ether][(NO)2Fe(SC6H4-o-NH2)] (4) (0.357 g, yield 

65.8%).  Diethyl ether was added slowly to the layer above the CH3CN solution of 

complex 4 and the flask was tightly sealed and kept in the refrigerator at -20℃ for 2 

weeks. The dark green crystals of complex 4 suitable for single-crystal X-ray 

diffraction analysis were isolated. IR νNO : 1657 m, 1607 s cm-1 (CH3CN); 1643 m, 

1585 s cm-1 (KBr). 1H NMR (CH3CN): δ 7.30 (s), 6.93 (s), 6.76 (s), 6.60 (s), 4.15 (s) 

ppm. Absorption spectrum (CH3CN) [λmax, nm (є, M-1 cm-1)]: 312(6589), 319(6140), 

366(4224), 475(1719), 580(1257), 734(580). Anal. Calcd for C18H30FeKN3O8S: C, 

39.78; H, 5.56; N, 7.73. Found: C, 39.58; H, 5.83; N, 7.65.  

Preparation of [PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 (5). The CH3CN solution (7 

mL) containing [(TMEDA)Fe(NO)2] (0.116 g, 0.5 mmol) was added slowly to the 20 

mL Schlenk tube containing CH3CN solution (7 mL) of [PPh4][SC6H4-o-NH2] (0.232 

g, 0.5 mmol) by cannula under positive N2 pressure. After the tube was tightly sealed 

and stood without stirring at the ambient temperature overnight, the dark green 

crystals of [PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 (5) suitable for single-crystal X-ray 

diffraction analysis were isolated. (yield 0.212 g, 73.1%). IR : 3410 w, 3291 w cm-1 

(νNH), 1647 s, 1606 s cm-1 (νNO) (KBr); 1650 m, 1598 s cm-1 (νNO) (DMSO:THF = 

1:1(v/v)). 1H NMR ((CD3)2SO): δ 7.18 (d), 7.16 (d), 6.81 (t), 6.65 (t), 5.02 (s) ppm. 

Absorption spectrum (DMSO) [λmax, nm (є, M-1 cm-1)]: 308(9640), 322(9422), 



 17

372(6539), 583(2148), 814(614). Anal. Calcd for C60H52Fe2N6O4P2S2: C, 62.19; H, 

4.52; N, 7.25. Found: C, 62.16; H, 4.93; N, 7.06.  

Preparation of [(NO)2Fe(-SC6H4-o-NH2)]2 (6). 2-aminothiophenol (0.11 mL, 

1mmol) was added to the THF solution of [Fe(CO)2(NO)2], freshly prepared from the 

reaction of [PPN][Fe(CO)3(NO)] (0.708 g, 1 mmol) and [NO][BF4] (0.118 g, 1 mmol), 

and stirred for 24 h under N2 atmosphere at ambient temperature. The reaction was 

monitored by FT-IR. The IR spectrum showing the stretching bands at 1807 w, 1779 s, 

1751 s cm-1 (THF) was assigned to the formation of [(NO)2Fe(-SC6H4-o-NH2)]2 (6). 

The reaction mixture was filtered through Celite to remove the insoluble solid and 

then hexane was added to precipitate the dark green solid of complex 6 (yield 0.134 g, 

55.9 %). Diffusion of hexane into the THF solution of complex 6 at -15℃ for 2 weeks 

led to dark green crystals suitable for X-ray crystallography. IR νNO : 1807 w, 1779 s, 

1751 s cm-1 (THF), 1808 w, 1782 s, 1755 s cm-1 (νNO) (diethyl ether); 1780 m, 1725 s 

cm-1 (KBr).  

Preparation of [cation][(NO)2Fe(SC6H4-o-NH2)2] (7) (cation = 

K-18-crown-6-ether (7a), [PPh4] (7b)). Complex 6 (0.240 g, 0.5 mmol) and  

[K][SC6H4-o-NH2] (0.163 g, 1 mmol) were loaded in a 50-mL Schlenk flask and 

dissolved in 10 mL THF. After the reaction mixture was stirred for 3 h, the reaction 

mixture was added to the 50-mL Schlenk flask containing 0.264 g (1 mmol) of 

18-crown-6-ether (or [PPh4][Br], 1 mmol, 0.420 g). When the reaction mixture was 

stirred for 2 h, the reaction solution was monitored by FT-IR. The IR spectrum, NO 

1737 s, 1694 s cm-1 (THF), was assigned to the formation of 

[K-18-crown-6-ether][(NO)2Fe(SC6H4-o-NH2)2] (7a) and 

[PPh4][(NO)2Fe(NO)2(SC6H4-o-NH2)2] (7b). The reaction mixture was filtered 

through Celite and then hexane was added to precipitate the dark brown solid 

complex 7a (yield: 0.510 g, 76.3 %) (or complex 7b yield: 0.523 g, 74.1 %). 

Diffusion of hexane into the THF solution of complex 7b at -15℃ for 2 weeks led to 

dark brown crystals suitable for X-ray crystallography. Complex 7b :IR NO: 1737 s, 

1694 s cm-1 (THF); 1740 s, 1699 s cm-1 (CH3CN); 1732 s, 1689 s cm-1 (KBr). 

Absorption spectrum (THF ) [λmax, nm (є, M-1 cm-1)]: 316 (10846), 345 (8387), 512 

(2903), 788 (706). Anal. Calcd C36H32FeN4O2PS2: C, 61.45; H, 4.58; N, 7.95. Found: 

C, 61.14; H, 4.55; N, 7.40. 

Preparation of [PPh4][(NO)2Fe(-SC6H4-o-NH2)]2 (8). Complex 7b (0.141 g, 0.2 

mmol) and [(TMEDA)Fe(NO)2] (0.046 g, 0.2 mmol) were loaded in a 20-mL Schlenk 

tube and dissolved in 10 mL THF. After the reaction mixture was stirred for 12 h, the 

reaction solution was monitored by FT-IR. The IR spectrum, NO 1687 s, 1666 s cm-1 

(THF), was assigned to the formation of [PPh4][(NO)2Fe(-SC6H4-o-NH2)]2 (8). The 

reaction mixture was filtered through Celite and then hexane was added to precipitate 
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the dark green solid of complex 8. (yield: 0.118 g, 72.2 %). Diffusion of hexane into 

the THF solution of complex 8 at -15℃ for 2 weeks led to dark green crystals suitable 

for X-ray crystallography. IR NO: 1687 s, 1666 s cm-1 (THF); 1684 s, 1670 s cm-1 

(CH3CN); 1687 s, 1657 s cm-1 (KBr). Absorption spectrum (CH3CN) [λmax, nm (є, 

M-1 cm-1)]: 317 (10009), 363 (7483), 480 (2836), 594(2023), 722 (1131). Anal. Calcd 

C40H40Fe2N6O5PS2: C, 52.76; H, 3.94; N, 10.26. Found: C, 53.06; H, 4.25; N, 10.12. 

Reaction of [K-18-crown-6-ether][NC9H6-O] and 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-NH)] (1). 8-quinolinol (0.044 g, 0.3 mmol), 

potassium tert-butoxide (0.035 g, 0.3 mmol) and 18-crown-6-ether (0.08 g, 0.3 mmol) 

were loaded in 20 mL Schlenk tube and dissolved in 7 mL THF. The reaction mixture 

was stirred for 18 h and then added to the 20 mL Schlenk tube containing complex 1 

(0.113 g, 0.2 mmol) by cannula under positive N2 pressure. After the reaction solution 

was stirred for 10 h, the reaction was monitored by FT-IR. The IR spectrum 

displaying two stretching bands at 1674 s, 1619 s cm-1 (THF) was assigned to the 

formation of complex 2. The reaction mixture was filtered through Celite to remove 

the insoluble solid and then hexane was added slowly to the layer above the THF 

filtrate. The flask was tightly sealed and kept in the refrigerator at -20℃ for 3 days. 

The yellow-brown crystals of complex 2 were isolated. (yield 0.087 g, 51.6%). 

Reaction of [K-18-crown-6-ether][NC9H6-S] and 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-NH)] (1) (or 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-O)] (2)). 18-crown-6-ether (0.027 g, 0.1 

mmol), [K][NC9H6-S] (0.020 g, 0.1 mmol) , and complex 1 (0.056 g, 0.1 mmol) (or 

complex 2 (0.056 g, 0.1 mmol)) were loaded in 20 mL Schlenk tube and dissolved in 

7 mL THF. The reaction mixture was stirred for 12 h and monitored by FT-IR. The IR 

spectrum displaying two stretching bands at 1660 s, 1612 s cm-1 (THF) was assigned 

to the formation of complex 3. The reaction mixture was filtered through Celite to 

remove the insoluble solid and then hexane was added slowly to the layer above the 

THF filtrate. The flask was tightly sealed and kept in the refrigerator at -20℃ for 3 

days. The dark red crystals of complex 3 were isolated. (yield 0.032 g, 55.8%; yield 

0.041 g, 70.8%). 

Reaction of [PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 (5), [K][BPh4] and 

18-crown-6-ether. Complex 5 (0.232 g, 0.2 mmol), [K][BPh4] (0.148 g, 0.4 mmol) 

and 18-crown-6-ether (0.107 g, 0.4 mmol) were loaded in 20 mL Schlenk tube and 

dissolved in 8 mL CH3CN-THF solution (1:1 volume ratio ). The reaction mixture 

was stirred for 18 h under the N2 atmosphere at ambient temperature and then dried 

under vacuum to afford brown solids. After the brown solids redissolved in 8 mL 

THF, the resulting brown solution was filtered through Celite to remove the insoluble 

solid. The filtrate was dried under vacuum and redissolved in 8 mL CH3CN affording 
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the brown solution. The brown solution was monitored by FT-IR. The IR spectrum 

displaying two stretching bands at 1657 s, 1607 s cm-1 (CH3CN) was assigned to the 

formation of complex 4. After the diethyl ether was added slowly to the layer above 

the CH3CN filtrate, the flask was tightly sealed and kept in the refrigerator at -20℃ 

for 3 days. The dark brown crystals of complex 4 were isolated.(yield 0.105 g, 48.3%) 

Reaction of [K-18-crown-6-ether][(NO)2Fe(SC6H4-o-NH2)] (4) with [PPh4][Br]. 

The CH3CN solution (10 mL) containing [PPh4][Br] (0.428 g, 1 mmol) was added 

slowly to the 50 mL Schlenk flask containing CH3CN solution (10 mL) of complex 4 

(0.543 g, 1 mmol) by cannula under positive N2 pressure. After the tube was tightly 

sealed and stood without stirring at the ambient temperature overnight, the dark green 

crystals of complex 5 identified by two stretching bands at 1647 s, 1606 s cm-1 (KBr) 

of IR spectrum were isolated. (yield 0.369 g, 63.7%). 

Reaction of [PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 (5) with [Cp2Fe][PF6]. 7 mL 

CH3CN was added to the 20 mL Schlenk tube loaded with complex 5 (0.232 g, 0.2 

mmol) and [Cp2Fe][PF6] (0.067 g, 0.2 mmol). After the reaction mixture was stirred 

for 18 h under the N2 atmosphere at ambient temperature, the reaction mixture was 

dried under vacuum and redissolved in 15 mL THF affording the dark green solution. 

The dark green solution was monitored by FTIR. The IR spectrum showing two 

stretching bands at 1687 s, 1666 s cm-1 (THF) was assigned to the formation of 

complex 8. The dark green solution was filtered through Celite to remove [PPh4][PF6]. 

After the green filtrate was concentrated to 5 mL, hexane was added to precipitate the 

green solid. The green solids were washed with 20 mL diethyl ether twice and dried 

under vacuum to afford green solid of complex 8 (yield 0.132 g, 80.5%). 

Reaction of [PPh4][(NO)2Fe(-SC6H4-o-NH2)]2 (8) with [Cp2Fe][PF6]. 7 mL 

CH3CN was added to the 20 mL Schlenk tube loaded with complex 8 (0.132 g, 0.16 

mmol) and [Cp2Fe][PF6] (0.053 g, 0.16 mmol). After the reaction mixture was stirred 

for 18 h under the N2 atmosphere at ambient temperature, the reaction mixture was 

dried under vacuum and redissolved in 15 mL THF affording the dark green solution. 

The dark green solution was monitored by FT-IR. The IR spectrum showing the 

stretching bands at 1807 w, 1778 s, 1751 s cm-1 (THF) was assigned to the formation 

of complex 6. The dark green solution was filtered through Celite to remove 

[PPh4][PF6]. After the green filtrate was concentrated to 5 mL, hexane was added to 

precipitate the dark green solid. The dark green solid was washed with 20 mL diethyl 

ether twice and dried under vacuum to afford dark green solid of complex 6 (yield 

0.046 g, 59.9%). 

Reaction of [(NO)2Fe(-SC6H4-o-NH2)]2 (6) with Cp2Co. Complex 6 (0.096 g, 

0.2 mmol) and Cp2Co (0.039 g, 0.2 mmol) was dissolved in THF and stirred under the 

N2 atmosphere at ambient temperature After being stirred for 18 h, the green 
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precipitates were afforded. The green precipitates were washed with 10 mL THF 

twice and dried under vacuum affording [Cp2Co][(NO)2Fe(-SC6H4-o-NH2)]2, 

identified by FT-IR spectrum (IR: 1686 s, 1665 s cm-1 (νNO) (DMSO:THF = 

1:1(v/v))(yield 0.093 g, 69.5%). 

Reaction of [Cp2Co][(NO)2Fe(-SC6H4-o-NH2)]2 with Cp2Co. 

[Cp2Co][(NO)2Fe(-SC6H4-o-NH2)]2 (0.119 g, 0.2 mmol) and Cp2Co (0.116 g, 0.6 

mmol) were dissolved in the 10 mL solution composed of THF and DMSO(v/v = 1:1)  

and stirred for 6 h under N2 atmosphere at ambient temperature. The reaction was 

monitored with FTIR. The IR spectrum (1650 s, 1598 s cm-1 (NO) (DMSO:THF = 

1:1(v/v)) was assigned to the formation of [Cp2Co]2[(NO)2Fe(-SC6H4-o-NH2)]2.  

Reaction of [K-18-crown-6-ether][(NO)2Fe(SC6H4-o-NH2)2] (7a), KHBEt3, and 

18-crown-6-ether . Complex 7a (0.401 g, 0.6 mmol) and 18-crown-6-ether (0.159 g, 

0.6 mmol) were dissolved in THF under nitrogen atomsphere. The 0.6 mL of KHBEt3 

THF solution (1M) was injected by syringe drop by drop into the THF solution of 

18-crown-6-ether and complex 7a  at 0 ℃. After the reaction solution was stirred for 

10 min, the reaction mixture was filtered through Celite to remove the insoluble 

[K-18-crown-6-ether][SC6H4-o-NH2]. The filtrate was concentrated and hexane was 

added to precipitate the light yellow-brown solid. The IR spectrum of the light 

yellow-brown solid displays two stretching bands at 1643 m, 1585 s cm-1 (KBr) was 

assigned to the formation of complex 4 (yield 0.219 g, 67.3%). 

Reaction of [PPh4][(NO)2Fe(SC6H4-o-NH2)2] (7b) with Cp2Co. 5 mL THF and 5 

mL CH3CN were added to the Schlenk flask containing complex 7b (0.141 g, 0.2 

mmol) and Cp2Co (0.116 g, 0.6 mmol). After the reaction mixture was stirred for 48 h, 

the resulting green precipitates were afforded. The green precipitates were washed 

with 10 mL THF twice and dried under vacuum affording complex 5, identified by 

FT-IR spectrum (IR: 1648 s, 1606 s cm-1 (νNO)(KBr)) (yield 0.055 g, 47%).  

Reaction of [PPh4][(NO)2Fe(SC6H4-o-NH2)2] (7b) with [Cp2Fe][PF6]. 7 mL 

CH3CN was added to the 20 mL Schlenk tube loaded with complex 7b (0.141 g, 0.2 

mmol) and [Cp2Fe][PF6] (0.066 g, 0.2 mmol). After the reaction mixture was stirred 

for 24 h under the N2 atmosphere at ambient temperature, the reaction mixture was 

dried under vacuum and redissolved in 7 mL THF affording the dark green solution. 

The dark green solution was monitored by FT-IR. The IR spectrum showing the 

stretching bands at 1807 w, 1778 s, 1751 s cm-1 (THF) was assigned to the formation 

of complex 6. The dark green solution was filtered through Celite to remove 

[PPh4][PF6]. After the green filtrate was concentrated to 5 mL, hexane was added to 

precipitate the dark green solid. The dark green solid was washed with 20 mL hexane 

twice and dried under vacuum to afford dark green solid of complex 6 (yield 0.045 g, 

93.8%). 
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Reaction of [PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 (5) with (SC6H4-o-NH2)2. A 

THF solution of (SC6H4-o-NH2)2 (0.050 g, 0.2 mmol) was transferred to a 20-mL 

Schlenk tube loaded with complex 5 (0.232 g, 0.2 mmol) by a cannula under positive 

N2 pressure at ambient temperature. The reaction was stirred for 24 h under nitrogen 

at ambient temperature and monitored by FT-IR. The IR spectrum showing two 

absorption bands at 1739 s, 1694 s cm-1 (THF) implicated the formation of complex 

7b. The brown solution was concentrated under a vacuum and hexane was added to 

precipitate dark brown solid of complex 7b (yield: 0.231 g, 81.9 %). 

Reaction of [K-18-crown-6-ether][(NO)2Fe(SC6H4-o-NH2)] (4) with 

(SC6H4-o-NH2)2. The 20 mL Schlenk tube containing (SC6H4-o-NH2)2 (0.050 g, 0.2 

mmol) and complex 4 (0.109 g, 0.2 mmol) was added with 7 mL THF. The reaction 

was stirred for 24 h under N2 atmosphere at ambient temperature and monitored by 

FT-IR. The IR spectrum showing two absorption bands at 1739 s, 1694 s cm-1 (THF) 

implicated the formation of complex 7a. The brown solution was filtered through 

Celite to remove insoluble solid. After the brown filtrate was concentrated to 5 mL, 

hexane was added to precipitate the dark brown solid of complex 7a (yield: 0.069 g, 

51.8 %). 

Reaction of [PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 (5) with 

[(NO)2Fe(-SC6H4-o-NH2)]2 (6). A THF solution of complex 6 (0.096 g, 0.2 mmol) 

was transferred to a 20-mL Schlenk tube loaded with complex 5 (0.232 g, 0.2 mmol) 

by a cannula under positive N2 pressure at ambient temperature. The reaction was 

stirred for 24 h under nitrogen at ambient temperature and monitored by FT-IR. The 

IR spectrum showing two absorption bands at 1684 s, 1668 vs cm-1 (THF) implicated 

the formation of complex 8. The green solution was filtered through Celite to remove 

insoluble solid. After the green filtrate was concentrated to 5 mL, hexane was added 

to precipitate the dark green solid of complex 8 (yield: 0.124 g, 75.4 %). 

Crystallography. Crystallographic data and structure refinements parameters of 

complexes 1-6 and 8 are summarized in Supplementary Material (Tables S1-S7). The 

crystals chosen for X-ray diffraction studies measured 0.45 x 0.35 x 0.19 mm for 

complex 1, 0.51 x 0.46 x 0.35 mm for complex 2, 0.60 x 0.12 x 0.05 mm for complex 

3, 0.21 x 0.15 x 0.11 mm for complex 4, 0.25 x 0.20 x 0.10 mm for complex 5, 0.20 x 

0.11 x 0.05 mm for complexes 6 and 0.25 × 0.25 × 0.14 mm for complex 8, 

respectively. Each crystal was mounted on a glass fiber and quickly coated in epoxy 

resin. Unit-cell parameters were obtained by least-squares refinement. Diffraction 

measurements for complexes 1-6 and 8 were carried out on a Nonius Kappa or 

SMART Apex CCD diffractometer using raphite-monochromated Mo Kα radiation (λ 

= 0.7107 Å) and between 1.88 and 25.16° for complex 1, between 1.65 and 25.03° for 

complex 2, between 1.58 and 25.00° for complex 3, between 1.73 and 25.06° for 
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complex 4, between 1.71 and 25.00° for complex 5, 2.42 and 25.03° for complex 6, 

between 1.71 and 27.50° for complex 8. Least-squares refinement of the positional 

and anisotropic thermal parameters for the contribution of all non-hydrogen atoms 

and fixed hydrogen atoms was based on F2. A SADABS absorption correction was 
made. The SHELXTL structure refinement program was employed.  

 

Captions of Figures 

Figure 1. The Fe K-edge absorption spectrum of [PPh4]2[(NO)2Fe(-SC6H4-o-NH2)]2 

(5). 

Figure 2. ORTEP drawing and labeling scheme of 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-NH)] (1) with thermal ellipsoids drawn at 

30% probability. Selected bond distances (Å) and angles (deg): Fe(1)−N(1), 1.632(9); 

Fe(1)−N(2), 1.612(10); Fe(1)−N(3), 2.043(13); Fe(1)−N(4), 2.053(15); N(1)−O(1), 

1.183(11); N(2)−O(2), 1.183(13); Fe(1)−N(1)−O(1), 168.1(10); Fe(1)−N(2)−O(2), 

169.5(9); N(1)−Fe(1)−N(2), 113.2(5); N(3)−Fe(1)−N(4), 77.2(6). 

 

Figure 3. ORTEP drawing and labeling scheme of 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-O)] (2) with thermal ellipsoids drawn at 30% 

probability. Selected bond distances (Å) and angles (deg): Fe(1)−N(1), 1.639(11); 

Fe(1)−N(2), 1.600(11); Fe(1)−N(3), 2.045(7); Fe(1)−O(3), 2.021(7); N(1)−O(1), 

1.215(12); N(2)−O(2), 1.246(13); Fe(1)−N(1)−O(1), 170.4(9); Fe(1)−N(2)−O(2), 

169.0(7); N(1)−Fe(1)−N(2), 114.4(4); N(3)−Fe(1)−O(3), 79.1(3). 

 

Figure 4. ORTEP drawing and labeling scheme of 

[K-18-crown-6-ether][(NO)2Fe(NC9H6-S)]·2THF (3) with thermal ellipsoids drawn at 

30% probability. Selected bond distances (Å) and angles (deg): Fe−N(1), 1.642(3); 

Fe−N(2), 1.662(3); Fe−N(3), 2.067(2); Fe−S(1), 2.3162(9); N(1)−O(1), 1.212(3); 

N(2)−O(2), 1.206(3); Fe−N(1)−O(1), 168.3(2); Fe−N(2)−O(2), 172.1(2); 

N(1)−Fe−N(2), 117.56(12); N(3)−Fe−S(1), 83.11(7). 

 

Figure 5. ORTEP drawing and labeling scheme of 

[K-18-crown-6-ether][(NO)2Fe(SC6H4-o-NH2)] (4) with thermal ellipsoids drawn at 

50% probability. Selected bond distances (Å) and angles (deg): Fe(1)−N(1), 1.643(6); 

Fe(1)−N(2), 1.651(5); Fe(1)−N(3), 2.085(5); Fe(1)−S(1), 2.3265(18); N(1)−O(1), 

1.207(7); N(2)−O(2), 1.193(6); Fe(1)−N(1)−O(1), 168.8(5); Fe(1)−N(2)−O(2), 

168.3(5); N(1)−Fe(1)−N(2), 116.2(3); N(3)−Fe(1)−S(1), 84.27(14). 
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Figure 6. ORTEP drawing and labeling scheme of [(NO)2Fe(-SC6H4-o-NH2)]2
2 (5) 

with thermal ellipsoids drawn at 50% probability. Selected bond distances (Å) and 

angles (deg): Fe···FeA, 3.6408(15); Fe−N(1), 1.668(5); Fe−N(2), 1.660(5); 

N(1)−O(1), 1.185(7); N(2)−O(2), 1.186(7); Fe−S(1), 2.3855(18); Fe−S(1A), 

2.3754(16); Fe−N(1)−O(1), 166.5(5); Fe−N(2)−O(2), 167.5(5); N(1)−Fe−N(2), 

114.3(3); N(1)−Fe−S(1), 111.34(18); N(1)−Fe−S(1A), 113.04(18); N(2)−Fe−S(1), 

117.9(2); N(2)−Fe−S(1A), 115.75(18); S(1)−Fe−S(1A), 80.24(6). 

 

Figure 7. ORTEP drawing and labeling scheme of [(NO)2Fe(-SC6H4-o-NH2)]2
 (8) 

with thermal ellipsoids drawn at 50% probability. Selected bond distances (Å) and 

angles (deg): Fe(1)···Fe(2) 2.9258(5); Fe(1)−N(1), 1.663(2); Fe(1)−N(2), 1.657(2); 

Fe(2)−N(3), 1.659(2); Fe(2)−N(4), 1.667(2); N(1)−O(1), 1.191(3); N(2)−O(2), 

1.179(2); N(3)−O(3), 1.177(3); N(4)−O(4), 1.179(2); Fe(1)−S(1), 2.3003(7); 

Fe(1)−S(2), 2.3244(7); Fe(2)−S(1), 2.3150(7); Fe(2)−S(2), 2.3114(7); 

Fe(1)−N(1)−O(1), 167.7(2); Fe(1)−N(2)−O(2), 174.1(2); Fe(2)−N(3)−O(3), 168.7(2); 

Fe(2)−N(4)−O(4), 170.0(2); N(1)−Fe(1)−N(2), 117.77(11); N(3)−Fe(2)−N(4), 

117.16(11); Fe(1)−S(1)−Fe(2), 78.68(2); Fe(1)−S(2)−Fe(2), 78.27(2). 
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                                        Figure 6 

              

                                                    Figure 7 

 

Table 1. Selected Metric Data for Complexes 5, 6, and 8. Dianionic Roussin’s Red 

Ester, Anionic Roussin’s Red Ester, and Neutral Roussin’s Red Ester. 

 5 

{Fe(NO)2}
10－{Fe(NO)2}

10 

8 

{Fe(NO)2}
9－{Fe(NO)2}

10 

6 

{Fe(NO)2}
9－{Fe(NO)2}

9 

Fe···Fe (Å) 3.6408(15) 2.9258(5) 2.7065(14) 

Fe−N(O) (Å)a 1.664(5) 1.662(2) 1.673(5) 

N−O (Å)a 1.186(7) 1.182(3) 1.160(6) 

Fe−S (Å)a 2.3805(18) 2.3128(7) 2.2729(15) 
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Fe−S−Fe (deg) 99.76(6) 78.48(2) 73.08(5) 

S−Fe−S (deg) 80.24(6) 101.44(3) 106.92(5) 

N−Fe−N (deg)a 114.3(3) 117.47(11) 118.2(2) 

Fe−N−O (deg)a 167.0(5) 170.1(2) 171.0(4) 

Dihedral (deg)b 180 175.86(21) 180 
a Average bond distance and angle. b Defined by the intersection of two [Fe2S] 
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