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Abstract: The neutral trinuclear iron—thiolate—nitrosyl, [(ON)Fe(«-S,S-CsHa)]s (1), and its oxidation product,
[(ON)Fe(u-S,S-CsHa)15[PFe] (2), were synthesized and characterized by IR, X-ray diffraction, X-ray absorption,
electron paramagnetic resonance (EPR), and magnetic measurement. The five-coordinated, square
pyramidal geometry around each iron atom in complex 1 remains intact when complex 1 is oxidized to
yield complex 2. Magnetic measurements and EPR results show that there is only one unpaired electron
in complex 1 (S = /2) and no unpaired electron (S = 0) in 2. The detailed geometric comparisons
between complexes 1 and 2 provide understanding of the role that the unpaired electron plays in the chemical
bonding of this trinuclear complex. Significant shortening of the Fe—Fe, Fe—N, and Fe—S distances around
Fe(1) is observed when complex 1 is oxidized to 2. This result implicates that the removal of the unpaired
electron does induce the strengthening of the Fe—Fe, Fe—N, and Fe—S bonds in the Fe(1) fragment. A
significant shift of the vyo stretching frequency from 1751 cm™ (1) to 1821, 1857 cm™* (2) (KBr) also indicates
the strengthening of the N—O bonds in complex 2. The EPR, X-ray absorption, magnetic measurements,
and molecular orbital calculations lead to the conclusion that the unpaired electron in complex 1 is mainly
allocated in the Fe(1) fragment and is best described as {Fe(1)NO}’, so that the unpaired electron is
delocalized between Fe and NO via d—=" orbital interaction; some contributions from [Fe(2)NO] and
[Fe(3)NO] as well as the thiolates associated with Fe (1) are also realized. According to MO calculations,
the spin density of complex 1 is predominately located at the Fe atoms with 0.60, —0.15, and 0.25 at

Fe(1), Fe(2), and Fe(3), respectively.

Introduction

Iron—sulfur—nitrosyl complexes have attracted considerable
interest stimulated by (i) the reported formation of protein-bound
dinitrosyl—iron complexes (DNICs) in the anaerobic reaction
of Chromatiumevinosumhigh-potential iron protein with nitric
oxidel2 (ii) the observation of [F&53(NO);]~ acting as an
inhibitor of Clostridium sporogene culture mediun?, (iii)
the metal nitrosyl complexes being employed to serve as nitric
oxide delivery reagents to biological targéfsand (iv) the
versatile bonding properties between metal and“N®.
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Due to the existence of the potential electron-transfer series
of 1,2-benzenedithiolateand the “non-innocent” character of
NO acting as NO, NO~ and the paramagnetic neutral NO
radical” determination of the formal oxidation state of transition
metal and NO in the 1,2-benzenedithiotateetal nitrosyl
complexes becomes rather complicated. Thus, the mii@l
unit is generally designated d(NO),}" (M = transition
metal), the EnemarkFeltham notatiod which stresses the well-
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known covalency and delocalization in the M(N@}it without Scheme 1
being committed a certain formal oxidation state on either M 0 -
N N
or NO. ) @) i WS

Recently, some interesting compounds of NO binding metal Sﬁ'Fe“‘“‘S BT —— /°\S
centers as MNOT/M—NO~/M—NOe have been reporteef:*17 S S ! SH
Lippard and co-workers reported that the Fe in complex [(NO)- @
Fe(TC-5,5)] (TC-5,5= tropocoronand) adopts a trigonal bipy-

. ) ; : ) . A
ramidal, low-spin state with a linearly coordinated nitroxy{Fe
N—O = 174.3(4Y) group containing a short FeN distance of 12(5CeHssH),</|®)
1.670(4) A? {F€"(NO")}.” The electronic structure of [Fe-
(H20)5(NO)]?" is best described as [HéH,0)s(NO7)]?" in 0 -+ o
which high-spin F# is antiferromagnetically coupled with NO I,‘I I,‘]

— i i Feu Feq
(S=1)to yle_ld the observed_spm quartet ground_ st&e=( s 57@5\5‘ ;,@;Q 13[NO][PF¢] (c) . @S\s' F§J$p
3/,).10 Interestingly, the experimental and theoretical studies l{/ﬁl‘: (¢') 1/3[PPN][BH,] [28]
show that [(NC3Fe(NO)P~ contains delocalized oxidation levels ON\‘“ e-s\é e‘NO * ON\\\‘FC»S\ ‘s\‘FeVNo

of the metal and ligand, namely a resonance hybrid of

[(NC)sFe'(NOe)]3~ and [(NCYFe(NOH)]3-.11 Also, the Fé&!

center binds NO in the form of fte-NO™, and Cd binds NO @ @

in the form of C4' —NO™ in metmyoglobin and reduced vitamin =~ o (Scheme tec) 1"18Complexl was isolated as a greenish

i 2,13 .
Bz res_pectlvelyl. ) brown solid. The IR spectrum of compléxreveals one broad
In spite of a large number of mononuclear/tetranuclear+tron absorption band for the NO groups at 1751 @én{KBr)

thiolate-nitrosyl complexes;™** elxamplt.es of trinuclgar iron reflecting qualitatively the closely equivalent electronic environ-
NO (?on"!plexes .surrounlded by thiolate ligands are limifely ment of three [Fe(NO)& fragmentst>17 Complex1 exhibits a
application ofnltrosylat|on1,7we have prepared the monqnuc_lear diagnostic’H NMR spectrum with the 1,2-benzenedithiolate
[PPN][(ON)Fe(S,S-€Ha)]. 7 The neutral, paramagnetic tri- o160 resonances well removed from the diamagnetic region.
nuclear iron-thiolate-nitrosyl complex, [(ON)F@(-S,S-GHa)ls The protons resonate upfield, 2.60 (b£)).192 (br) ppm, which
(1), was produced upon the protonation of the mononuclear is consistent with the paramagnetic species.
iron—thiqlatg—nitrosyl [PPN],[(NO)Fe(S’,S'@"“)ﬂ bY HBF4 in' The formation of complex from the protonation of [(NO)-
T_HF' Oxidation of complex. in CH,Cl, yields the d|amagr_1et|c Fe(S,S-GH4)2]~ can be interpreted as coordinative association
trinuclear complex [(ON)Fe(S,S-GH4)a[PFe] (2). Crystalline ¢ 1100 [(NO)Fe(S,S-gHa)] motifs, where 1,2-benzenedithi-
s_am;:;les of complexeband2 were characterized by IR, UY olates served as bridging ligands between two Fe atoms. The
vis, 'H NMR, EPR spectroscopy, X-ray diffraction study, paysible reaction path is given in Scheme 1a,b; the protonation
magnet|.c susceptibility measurements, and Fe/S/N K-edge X-ray ¢ one dithiolate ligand of complex [(NO)Fe(S,$+G);]~ would
absorption spectroscopy (XAS). yield an unstable intermediate, [(NO)Fe(8-GSH)(S,S-GHJ)]
Results and Discussion (A),16e which may then be accompanied by the reductive
elimination of the unidentified disulfide (Se84SH), and

Synthesis A new member of a class of irersulfur—nitrosyl presumably, the concomitant coordinative association of [(NO)-
clusters, the neutral trinuclear Féhiolate—nitrosyl complex Fe(S,S-GH4)] motifs led to the formation of.

[(ON)Feu-S,S-GH4)]s (1) containing three bridging [S,S-

C6H4_]2* ligands bounql to three Fe’s in a bidentate manner was of [NOJ[PFg] in CH.Cl, under N at room temperature yielded
obtained when 1 equiv of HBRvas added to [PPNJ[(NO)Fe- 5 cationic trinuclear irortthiolate—nitrosyl complex [(ON)Fe-

(S,S-QH4)2] in THF and stirred OVernight at ambient temper- (‘M'S,S'QH4)]3[PF6] (2)’ (SCheme 1C) with each iron being

(8) Enemark, J. H.. Feltham, R. Moord. Chem. Re 1974 13, 339. ligated by four sulfur atoms as well as one nitrosyl ligand.
(9) Franz, K. J.; Lippard, S. J. Am. Chem. S0d.999 121, 10504. _ Similar [Fe(NO)3] motifs are found in each iron atom df
(10) vv\\/li%gitér@f;Ksﬁwgqu%%lsﬁgggztﬁ amhe" G- van Eldik, R Bill > 53042 In contrast to the one intense broad absorption band in
(11) Wanner, M.; Scheiring, T.; Kaim, W.; Slep, L. D.; Baraldo, L. M.; Olabe, the terminal nitrosyl-stretching region (IRio) observed in,

J. A. Zalis, S.; Baerends, E. [horg. Chem.2001, 40, 5704. . . .
(12) Laverman, L. E.; Wanat, A.; Oszajca, J.; Stochel, G.; Ford, P. C.; van Eldik, thewno of 2 shows two discernible mtrosyl bands at 1857 ¢m

Under similar reaction conditions, oxidation bby 1 equiv

3 stI. /IimMChéetm. k:]Scluzgol Z12haI 255.S . ) . Eldik. R and 1821 cm? (KBr), which apparently shifted to higher energy
olak, i ochel, ., Zanl, A.; Schneppensieper, [.; van IK, K. f h t fl S | t CO k t . d t
J. Am. Chem. So@001 123 9780. rom that of 1. Similar to (known to serve as an indicator

(14) (a) Chu, C. T.-W.; Dahl, L. Flnorg. Chem.1977, 16, 3245. (b) Chu, of electron density at iron), the shifts ifo frequencie¥ may
C.T.-W.; Lo, F. Y.-K,; Dahl, L. F.J. Am. Chem. S0d982 104, 3409. (c) o ; 1

Goh, C.: Holm, R. Hlnorg. Chim. Actal998 270, 46. (d) Sung, S.-S.: reflect a variation in charge on the Fe(NO) units2ofThe *H
Glidewell, C.; Butler, A. R.; Hoffmann, Rinorg. Chem.1985 24, 3856. NMR spectra oP show the expected signal& '('79 (m), 7.48

(15) Butler, A. R.; Glidewell, C.; Li, M.-HAdv. Inorg. Chem1988 32, 335. .

(16) (a) Tsai, F.-T.; Chiou, S.-J.; Tsai, M.-C.; Tsai, M.-L.; Huang, H.-W.; Chiang, (m), 6.86 (m), 6.27 (m) ppm) for the 1,2-benzenedithiolate
I\C/Ig I-ITISE:JWI’ YJV"-IE'emS‘?r-% 'ngirgrfOCO_SHMCa?a?nZg- (}E).ZS-TéQA'éLlHC-%gh o groups’ characteristics of diamagnetic species. Interestidgly,
Y; Liaw, W.-F. Inorg. Chem.2004 43, 5159. (c) Chen, H.-W.:'Lin, ~can be re-obtained upon chemical reductiog b/ [Na][BH,]/
So08 aa206 (@ 1ond, LB Chiang, o et e, [PPN][CI i 1:1 stoichiometry in ChCl, at room temperature
Inorg. Chem2006 45, 6041. (€) Lu, T.-T.; Chiou, S.-J.; Chen, C.-Y; Liaw,  (Scheme 1. Apparently,1 and2 are chemically interconvert-
W.-F. Inorg. Chem.2006 45, 8799. (f) Tsai, M.-L.; Liaw, W.-FInorg. ; B
Chem.2008 45, 6583. ible at ambient temperature.

(17) (a) Lee, C.-M.; Hsieh, C.-H.; Dutta, A.; Lee, G.-H.; Liaw, W.-F.Am.
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Figure 1. ORTEP drawing with 50% probability in thermal ellipsoids and
labeling scheme of.

Figure 2. ORTEP drawing with 50% probability in thermal ellipsoid and
labeling scheme of the cation &f

Structure. The molecular structures of compoutdand 2
were determined by single-crystal X-ray diffraction. As shown
in Figures 1 and 21 and2 give a high degree of congruency.
Both consist of a triangular planar feore linked by three
doubly bridged [S,S-gH4]? ligands, affording a core composi-
tion of F&Ss. Each iron atom is five-coordinated (F&§ and

Table 1. Comparison of Bond Distances (A) around Fe Atoms in
Complexes 1 and 2

complex 1 A complex 2 A A2 (1-2) A Alo?

Fe(l-Fe(2) 2.7820(5) Fe(BFe(2)  2.6724(14) 0.11 74
Fe(1-Fe(3) 2.7544(5) Fe(BFe(3)  2.6724(14) 0.08 53
Fe(2-Fe(3) 25779(5) Fe(Fe(3)  2.5694(19) 0.01 4
Fe(1-N(1) 1.681(2) Fe(IyN(1)  1.646(8)  0.035 4
Fe(2-N(2) 1.661(2) Fe(}N(2)  1.648(6)  0.013 2
Fe(3-N(3) 1.680(2) Fe(2AYN(2A) 1.648(6)  0.032 5
Fe(1}-S(1) 2.2536(7) Fe(1)S(2) 2.2236(18) 0.030 15

Fe(1)-S(2) 2.2349(7) 0.011 6
Fe(1-S(3) 2.2614(7) Fe(BDS(1) 2.2361(18) 0.025 13
Fe(1)-S(4) 2.2632(7) 0.027 14

Fe(2-S(2) 2.3223(7) Fe(2)S(2) 2.2781(17) 0.044 24
Fe(2-S(3) 2.3186(7) Fe(2)S(1) 2.3113(18) 0.007 4
Fe(2-S(5) 2.2660(7) Fe(2)S(3) 2.260(2)  0.006 3
Fe(2-S(6) 2.2559(7) Fe(2)S(4) 2.2661(19) —0.010 5
Fe(3-S(1) 2.3335(7) Fe(2A)S(2A) 2.2781(17) 0.055 30
Fe(31-S(4) 2.3150(7) Fe(2AYS(1A) 2.3113(18) 0.004 2
Fe(3-S(5) 2.2562(6) Fe(2A)S(3)  2.260(2)  —0.004 2
Fe(3-S(6) 2.2713(7) Fe(2AYS(4)  2.2661(19) 0.005 3

aA: The differences betweeth and 2 for the corresponding bond
distance? Alo: The ratio of the differences divided by the standard
deviation. The standard deviation is calculated according to the error
propagation.

found in2 with the Fe(2)-Fe(2A) distance of 2.569(2)A, which
is shorter than that of the Fe(fFe(2) distance of 2.672(1) A).
Variations in Fe-S and Fe-N distances within the complex
are not so noticeable.

The particular geometrical dissimilarities found between
and2 may lead to the understanding of the effects caused by
the removal of one electron. Upon one-electron oxidation from
1to 2, bond distances of fragment 1 (around Fe(1)) are shortened
the most; e.g. Fe(HFe(2) and Fe(tyFe(3) are shortened by
as much as 0.1 A. The F& distances change the most
(0.03~0.06 A) for one of the thiolates labeled as S(1) and S(2)
in Figure 1, a somewhat smaller change0(025 A) for the
one labeled as S(3) and S(4), and practically no change for the
one labeled as S(5) and S(6).-F¢ distances are also shortened
somewhat in2. Detailed comparisons on other distances are
listed in Table 1. This result indicates, qualitatively, that the
SOMO in1 can be identified as having antibonding character
mainly in the Fe-Fe bond. Reduced electron density around
the Fe core and the more effective F&e interactions in2
may also suppress the +Bl and Fe-S antibonding interactions.
Although the distance of NO is unaccountable due to the
disorder of O atoms, the significant increase in the @l
stretching frequencies i@ does represent the shortening and
strengthening of N-O bond. The geometry change around Fe-
(1) is obviously the biggest among three Fe atoms, indicating

adopts a distorted square pyramidal geometry with a terminal that the removal of the unpaired electron may take place

NO ligand at the axial position. Each dithiolate ligand, [S,S-
CeH4], is coordinated to two iron atoms through sulfur atoms.

predominantly at fragment 1. More discussion will be given
later in the section of MO calculation.

For the convenience of discussion, we designate each Fe core Magnetic Measurement. The magnetic measurement bf

(FeSN) as fragments 1, 2, and 3 respectively for Fe(1), Fe(2),

is shown in Figure 3. It indicates that the ground state is one

and Fe(3). There is a crystallographic mirror symmetry passing unpaired electron witt§qy = /2. The magnetic moment is

through Fe(1) and the midpoint of the other two Fe atoms for
2, but only a pseudo one ith Bond distances around Fe atoms
for both 1 and2 are listed in Table 1. The apparently shorter
Fe(2)-Fe(3) distance of 2.5779(5)A, compared to Fe(#-

(2) and Fe(1)Fe(3) distance of 2.7820(5) and 2.7544(5)A,
respectively, indicates a greater extent of Fe@(3) bonding
interaction inl. A similar observation but to less extent is also

slightly temperature dependent and could be fitted by a two-
dimensional (2D) coupling model with= 2.01 and) = —0.28.
The small negativd value indicates there are weak antiferro-
magnetic couplings between different fragments.

X-ray Absorption Spectroscopy.The Fe K-edge absorption
spectra together with some reference compounds are depicted
in the Figure 4. The apparent pre-edge absorption is due to the

J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007 1153
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Figure 3. Magnetic measurement af ym andymT vs T; the open circle
(O) is from experimental data, and the solid line)(is the fitted curve.

5 100

symmetry-allowed 1s to 3d transition in the distorted square
pyramidal local environment of the Fe center with thepd

mixing between Fe and ligand atoms. The edge absorption is

assigned to be the dipole transition from 1s to 4p orbitals of

Fe. Based on the Fe K-edge absorption spectra shown in Figure(stOtal —

4, the formal oxidation state of Fe inis definitely higher than
that of Fe-foil but lower than those of FeO and,Bg It
indicates that the average oxidation state of F& imithe same

as that of (NO)Fe(&NEb),, which is generally know! as a
nitrosyl ligand (NO") bonded to a low-spin“dFe(l); thus, the

1 is best assigned with the average formal oxidation state of
Fe(l). Take a closer look at the differences betwgemd?2 in
Figure 4; the edge absorption energya$ shifted only slightly

to higher energy than that df Take the maximum values of

position in2 could be rationalized by the stronger bond between
Fe and N of nitrosyl group due to the more positively charged
Fe in 2.

The S K-edge absorption spectralodnd?2 are displayed in
Figure 6. According to previous repoffsthe peak around 2474
eV is assigned to be the transition of 1s{S)y*(C—S bond),
and the peak around 2471 eV is assigned to be the transition of
1s(S) to 3p(S) mixing with 3d orbital of Fe. In comparison with
the 1s~3p transition of both compounds, one peak at 2471.2
eV is observed fol, but an additional shoulder peak at 2471.7
eV is found for2. However, the transition energy of 1s{Sy*-
(C—=S bond) in2 is only 0.2 eV higher than that df. This
seems to indicate that the one-electron oxidation does affect
the Fe-S bond more than the -€S bond. This is consistent
with the changes in the corresponding distances ef$and
S—C bonds.

According to the X-ray absorption spectra, each Fe and NO
group inlis likely to be in the form of Fe(l) and NOwith the
Enemark-Feltham notation of Fe(NO}.” However, according
to the magnetic measurement shown in Figure 3, there is only
one unpaired electron ih(Sota = /2) and no unpaired electron
0) in 2. Itis logical to assume that the oxidation takes
place when this unpaired electron of compleis removed from
a singly occupied molecular orbital (SOMO). X-ray absorption
spectra indicate that such oxidation process causes absorption
edges of Fe, N, and S to be shifted slightly to higher energies.
Thus, one predicts that the SOMO in complewould be the
combination of valence orbitals from Fe, N, and S; this result
will be further confirmed by the MO calculations.

EPR/ENDOR Spectroscopy X-band EPR spectra of the
frozen in CHCI, recorded under microwave power of 2 mW

the first derivative of each spectrum as the edge absorptionand modulation amplitude of 0.1 mT at 100 kHz are shown in

energy; they are 7119.8 and 7120.4 eVI@nd?2, respectively.
This may indicate that the one-electron oxidation frarto 2
does have a small effect on the Fe atoms.

The N K-edge absorption spectralbénd?2 are displayed in
Figure 5. Roughly, the peaks around 401 and 415 eV are
assigned to the transition of -tst* and the 1s>o*, respec-
tively.2 A single peak at 400.6 eV with FWHM= 0.96 eV,
and at 401.1 eV with FWHM= 0.88 eV for 1 and 2,
respectively, is assigned to be the-4s* transition. The single
peak is an indication of NOgroup because the NQadical
will generally give two peaks to allow the transitions of two
spin states. However, one cannot completely exclude the
possibility of having a small portion of the NO radical, where

the unpaired electron is delocalized between Fe and NO. The

slightly higher 1s>7* transition energy oR seems to indicate

that the one-electron oxidation does have effect on the N atom

of 2. Shifting to a slightly higher energy of the-ts* transition

(19) (a) Goodman, B. A.; Raynor, J. B.; Symons, M. C.JRChem. Soc. (A
1969 2572. (b) Gibson, J. Mature1962 196, 64. (c) McDonald, C. C.;
Phillips, W. D.; Mower, H. FJ. Am. Chem. Sod.965 87, 3319.

(20) (a) Wright, G. R.; Brion, C. EJ. Electron Spectrosc974 4, 313. (b)
Domke, M.; Remmers, G.; Kaindl, ®lucl. Instrum. Methods Phys. Res.,
Sect. B1994 87, 173. (c) Stbr, J.; Jaeger, RPhys. Re. B 1982 26,
4111. (d) Kosugi, N.; Adachi, J.-I.; Shigemasa, E.; Yagishita] AChem.
Phys.1992 97, 8842.

(21) (a) Szilagyi, R. K.; Lim, B. S.; Glaser, T.; Holm, R. H.; Hedman, B.;
Hodgson, K. O.; Solomon, E. . Am. Chem. SoQ003 125 9158. (b)
Szilagyi, R. K.; Bryngelson, P. A.; Maroney, M. J.; Hedman, B.; Hodgson,
K. O.; Solomon, E. IJ. Am. Chem. So@004 126, 3018. (c) Glaser, T.;
Rose, K.; Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.
J. Am. Chem. So@001, 123 442.
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Figure 7. Where 7a and 7c are the spectra taken at 5 and 77 K
respectively; 7d is the spectrurh®aK on>N-labeled complex.

7b and 7e are the simulated spectra corresponding to 7a and
7d. The EPR spectrd & K display a rhombic symmetry with
evident hyperfine splitting. This signal does not consist of a
fast-relaxing component; it could still be observed at 77 K, in
contrast to [FgS,]™ clusters, where signals arouigd= 2.01

are only observed at temperature below 30 K. At 77 K, the
hyperfine features were averaged out due to the fast tumbling
of the molecule with principay values ofg; = 2.011,g, =
1.999, andys; = 1.986 (Figure 7c). There are no further signals
at lower field which identifies unquestionably a sgn= 1/,
ground state at temperature above 5 K. To clarify the origin of
the observed multiline hyperfine pattern, we measured the EPR
spectrum (Figure 7d) dfN-labeledl, wherein all the nitrogen
atoms are replaced by tReN isotope &95%). In comparison

of the1>N-labeled1 with that of the naturally abundaft(Figure

7, spectra d and a), though the overall line shape changes are
muted, changes in the number of hyperfine lines and their
resonant positions clearly indicate that the electron spin is
coupled to the coordinated nitrogen atoms. We have attempted
to simulate the spectra df for both the!“N- and>N-labeled
complexes based dd= 1/, rhombic models with two or three
coordinated nitrogen atoms. A concurrent satisfactory fit to both
1“N- (Figure 7a) and®N- (Figure 7d) data was only obtained
for a rhombic model with three nonequivalent nitrogen atoms.
The simulated EPR parameters are presented in Table 2. The
simulated spectra (Figure 7, spectra b and e) yield rather small
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Figure 5. N K-edge spectra of th& (top) and2 (bottom).

g-tensor anisotropy with principa values ofg; = 2.011,g, =
1.999, andyz = 1.981 which are consistent with the measured
values at 77 K. Thus, it points to a NOGr2based SOMO irl.

But, a comparison with EPR data for free nitric oxide absorbed
on the surface of MgOg( = 1.89,07 = 1.996,A; = 33 G) and
ZnO (gy = 1.94,97 = 1.979,A; = 30 G) reveals a significant
reduction of the NO intrinsic hyperfine coupling constants in
complexl. This suggests that the odd electron which might be
originated on fragment 1 as an NO radical is not only confined
to the NO ligand but is also delocalized through the overlaps
of Fe (3d) and NO (2*) orbitals. The unpaired electron thus
possesses metal d orbital characters enhancing the Ispiice

attributed to the unpaired spin density delocalization originating
from the Fe(NO) of fragment 1.

The EPR results thus lead to a favorable descriptidi-ef-
NO} in fragment 1 a$§, = Y/,, possibly{ F€' (eNO)} 7 and{ Fe-
(NO)*},” while fragments 2 and 3 are describedSas = />,
mainly{F€(NO)*},” and are antiferromagnetically coupled with
each other to give &oa = /> ground state where all the Fe
are in the low-spin state. This is imposed by the EPR results
and a shorter distance between Fe atoms of fragments 2 and 3
(~2.578 A) compared to those of fragment 1 and~2 (782
A) and fragment 1 and 3%2.754 A). Therefore, three different
nitrogen atoms means a predominate NO radical l6€'-
(eNO)}7, a nitrosyl NO™ of {Fé(NO)*}7, and a form between
these two. It is unlikely to assunme = 3/, state for any one
fragment, since this requires all three fragments to coupled
together in order to give &ota = /> ground state and that
generally results in a much faster relaxation rate.

Additional evidence that supports delocalization of the
unpaired electron spin density over the whole complex frame-
work may come from measurements of the proton ENDOR
spectra. In systems of log anisotropy, magnetically coupled
protons are expected to produce ENDOR features mirrored about
the free proton Larmor frequenay, = gyfSnHoh (14.675 MHz
at 3446.5 G) and displaced by half of the value of the hyperfine
coupling constantsv[i“ = vy £ AY/2). Figure 8 presents an
expanded proton ENDOR spectrum dffrozen in CHCI,
recorded &5 K under 2 mW microwave power and 40 W RF
power. Hyperfine coupling in the matrix regior{ MHz) is
shown in the inset of Figure 8. The prominent feature located
at the Larmor frequency of the free proton with a nominal
coupling of ~0.5 MHz is generally observed in solid-state

relaxation rate and results in the vanishing of the EPR signal atENDOR for close protons and is due mainly to dipolar
a temperature approximately about 120 K. The observed interactions between the unpaired electron and surrounding

nitrogen hyperfine couplings of fragments 2 and 3 are also

solvent protons. The spectrum was recorded at a magnetic field
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Figure 6. S K-edge spectra of the (solid line) and2 (dash line).

Table 2. Principal Hyperfine Coupling Constants and Directions of
the g and 14N Hyperfine Tensors for Complex 1

(a) principle values Euler angles?
\A g-tensor (2.011, 1.999, 1.981)
hyperfine tensor (Gauss)
(b) fragment 1 (Fe(1XN(1)-O(1)) (9.2, 6.6, 15.6) (6+-150, 18)
fragment 2 (Fe(2yN(2)—0(2)) (3.3,9.4,1.9) (965-86, 63)
fragment 3 (Fe(3yN(3)—0(3)) (7,1, 3.6) (70, 5:-32)
(c) aEuler angles, in (deg), are defined as in Goldstein (Goldstein, H.

Derivative Amplitude

f Classical MechanigsAddison Wesley: Reading MA, 1967).

L 1 " 1 L 1 " 1 n 1
206 204 202 200 198 196 194
g value
Figure 7. X-band EPR spectra and simulation dffrozen in CHCls.
Experimental spectra (a), (c), and (d) were obtained with a microwave power L L L L L 1 I I
of 2 mW and modulation amplitude of 0.1 mT at 100 kHz. (a) natural 125 130 135 14-'0: 145 1|\5A~° 185 160 165
abundantl at 5K and 9.5151 GHz microwave frequency; (b) simulation of requency (MHz)
(a); (c) natural abundartt at 77 K and 9.4312 GHz; (PN labeledl at Figure 8. Proton ENDOR spectra df frozen in CHCl,. The spectrum
5 K and 9.520 GHz; (e) simulation of (d). was taken at the maximum EPR absorption correspondigg=td.999 of
Figure 7. ThelH Larmor frequency i) is 14.675 MHz. Conditions:
microwave frequency 9.6427 GHi, = 3446.5 G; microwave powder, 2

corresponding tog = 1.999 where all directions of space mW,; radio frequency power, 40_W;_FM amplitude, 20 kHz; number of
. . scans, four; temperature, 5 K. Six differéht doublets (labeled as-a,
contribute to the maximum of the EPR envelope. Therefore, b—b', and c-¢’ through £ are seen split symmetrically abou.
ENDOR transitions (labeled as-a, b—b', and ¢-c¢’ through
f—f") caused by intensity buildup correspond to principal values high RF modulation and power which enhance the signal-to-
of hyperfine tensors of the benzene ring protons that are coupledyise ratio at the expanse of spectral resolution.
to the delocalized unpaired spin density. Table 3 lists the ring  Tentative assignments of the ringprotons hyperfine tensors
protons hyperfine coupling constants given by the frequency are made by comparison with the magnitude and apportioning
separation between pairs of features that appear symmetricallythe principal values given in Table 3 according to established
about the'H Larmor frequency. These weak transitions are best physical models. Far-protons, one expects a rhombic principal
observed at temperature below 20 K and under conditions of hyperfine tensor component pattern of&& 1.0aso, and 1.%yso

ENDOR Derivative Amplitude
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Table 3. Proton Hyperfine Coupling Constants and Assignments
for Complex 1 Determined by CW-ENDOR

hyperfine constants assignments
transitions (MHz) protons bonded to
a, d Ax= —3.66 C (2,5,8,11)
b, b Az=—2.69 C(2,5,8,11)
cC Ax=—1.93 C (3,4,9,10)
dd Az=-1.33 C (3,4,9,10)
e, é Ay=-1.23 C (2,5,8,11)
f,f’ Ay=—0.88 C (3,4,9,10)

Figure 10. Wave function of HOMO of the cation d, view (a) along
the mirror; (b) perpendicular to (a).

<O 01
D NI

) @O ol
Fe1
B % 52

y % Fe1

@ /X ! (b) NN
Figure 9. Wave function of SOMO of, view (a) along the pseudo-mirror; £ 93
(b) perpendicular to (a). (a)

Figure 11. Some important orbital coefficients of SOMO at (&) Z plane
(b) X—Z plane. The selected SOMO coefficients are listed in the Supporting

that are along the €H bond @Ay), parallel to the axis of the,p Information.

orbital (A), i.e., normal to the benzene ring, and perpendicular
to the C-H bond @x), respectively. According to this rule, the
grouping of observed hyperfine couplings into e Ay, and molecular orbital (HOMO) o is principally contributed from
Az components for two sets of distinguishable protons are d-orbitals of Fe2 and Fe3 and only slightly from the fragment
presented in Table 3. Also, far-protons, we expect that the 1 as shown in Figure 10. In fact, it is quite similar to the orbital
sign of the isotropic hyperfine coupling will be negative. The next (lower energy) to the SOMO ih Detailed analysis of the
hyperfine tensors obtained from the ENDOR transition frequen- coefficients of SOMO reveals that the orbital is predominately
cies are in good correspondence with the physical model for contributed from fragment 1 including Fe@AN(1)—0O(1) and
o-protons. We therefore make the assignments of these ENDORthe sulfur atoms of two thiolates; roughly 30%, 12%, and 21%
features of the benzene ring protons, and that establishes théor Fe, NO, and S, respectively. The other important contribution
spin delocalization picture of fragment 1 of comes from Fe(3)N(3)—0(3) where 13% and 8% from Fe(3)
MO Calculation. Both unrestricted and restricted open shell and N(3)O(3), respectively. The large coefficients are all from
MO calculations of1 have been performed by taking the d-orbitals of Fe and”™ orbitals of NO; this means the unpaired
geometry from the respective crystal structure. The overall electron is delocalized among Fe atoms and NO ligands through
results are roughly the same. The unrestricted one yields thed—d and d-z" interactions. The most important part of
expectation value of total spin quantum num®ei2L] of 0.78, interatomic interactions of SOMO are depicted in Figure 11. It
which is close to the ideal eigenvalue of 0.75 w@h- . The is obvious that the €p 7" characters between Fe(1) and N(1)
atomic charge analysis gives about the same charge on eacfare in antibonding character with botl,dénd d, of Fe. In
iron atom ofl, no matter what types of atomic partition is taken addition, all the NO bonds are also in antibonding character.
into account. The calculated principgialues,g; = 2.011,0; More importantly, the biggest coefficient in SOMO is on the
= 1.993, andy; = 1.983, at ground state are in good agreement dz of Fe(1) which amounts to 23% of contribution. The removal
with the ones derived from EPR. The SOMO Dfs depicted of one electron from such an orbital yields the shortening and
in Figure 9, where the major contribution is obviously from strengthening of the NO bond with much highgp stretching
the fragment 1 with Fe(1) and its associated ligands, somefrequency in2. It also yields the shortening of FéN bond.
contributions from Fe-(NO) of fragment 2 and 3. Thus the However, the shortening of Fd-e distances is not so straight-
unpaired electron ofl is mainly located on the fragment 1, forward due to many €d interactions; some are bonding, the
{(NO)Fe(1)(SCsH4)}, but only partially delocalized to the other  others are antibonding. The coefficients are, in general, very
two Fe(NO) parts. On the contrary, the highest occupied large, indicating that the unpaired electron does locate predomi-
nately on the Fe atoms, especially Fe(1), which gives the
(22) chzucl)%’zRizEA; 1Eer,]§|3%r33' '&)Vggr(ig%mgﬁs.; &@gj;}j&a{m%l%\?ﬁm confirmation of having low-spin dFe(l) observed from XAS.
form'u,a was implemented in the ADF g,QOchWQm’_ (P e The three possible different forms of NO deduced from the
N — SN SN IS7] and (Bldea = [(N* — N9/2] [(N® — NA)/2 + 1]. S is hyperfine splittings of EPR spectra are realized to be corre-
the overlap mtegral ofi-orbital i with S-orbital j, andN is the number of sponding to NO radical, N or a resonance hybrid. Theno

electrons wher&l* > Nf. See: Szabo, A.; Ostlund, N. Blodern Quantum ; . - . N
Chemistry 1st revised ed.; McGraw-Hill: New York, 1989; p 107. is always overlapped with Fe d-orbitals as shown in Figure 11,
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the symbol of Fe(NO} ” speaks well of such spin delocalization

Diethyl ether was then added to the solution and filtered through Celite

character in this complex. However, the calculated spin densitiesto remove the white insoluble solid. The filtrate (THBiethyl ether

at Fe(1), Fe(2), and Fe(3) are 0.6€).15, and 0.25, respectively,
whereas at N(1), N(2), and N(3) the spin densities are only 0.04
0.02, and 0.05.

Conclusion

The neutral trinuclear Fethiolate—nitrosyl 1 was obtained
from the protonation of a mononuclear complex [PPN][(NO)-
Fe(S,S-GHs),], and 2 was subsequently obtained by the
oxidation of 1. The coordination environment of [F&S8IO)]
units remains intact wheh was oxidized to yiel®; however,
all of the Fe-Fe, Fe-N, and Fe-S distances are shortened
significantly, especially around Fe(1). Taking the results from

mixture) stood at-15 °C for 4 weeks and led to greenish brown crystals
suitable for single-crystal X-ray diffraction. IRno): 1760 br cm?

"(THF); 1751 br cm? (KBr). 'H NMR (CDCl): ¢ 2.61 (br),—0.192
(br) ppm (GH.). Absorption spectrum (CI12) [Amax, nm €, Mt cm 4]

303 (33556), 357 (21556), 408 (16455) 589 (2466). Anal. Calcd for
CigH120sN3SFes: C, 31.88; H, 1.78; N, 6.20. Found: C, 32.56; H,
1.89; N, 5.83.

Preparation of [(ON)Fe(u-S,SCsHa4)]3[PFe] (2). Compound 1
(0.407 g, 0.6 mmol,) and [NO][RF(0.105 g, 0.6 mmol,) were loaded
in a flask and dissolved in 10 mL of GBl,. The mixture was then
stirred for 1 h. The color of the solution changed from greenish brown
to dark green. The reaction was monitored afterward with FTIR
immediately. IR spectrumv(o: 1836, 1857 cm‘(CH,Cl)) corresponds

X-ray diffraction, X-ray absorption, magnetic measurement, EPR to the formation o (0.286 g, 58%). The solution was filtered through

measurement, and the MO calculation, each [Fe(NO)] moiety

of 1 is best described g4=e(NQO},” i.e. an unpaired electron
delocalized between Fe and NO via-d" interaction. No
evidence of any possibility of quartet ground stafe={ 3/,)

Celite, and then diethyl ether was added to precipitate the dark-green
solid. Diffusion of hexanediethyl ether into a saturated GEl,—
MeOH solution of2 at —15 °C gave dark-green crystals suitable for
single-crystal X-ray diffraction. IR1yo): 1836, 1857 cm! (CH,Cly)
1821, 1857 cmt (KBr). IH NMR (CDCl): ¢ 7.80 (m), 7.48 (m), 6.86

existed based on magnetic and EPR measurements; each irogyy), 5.28 (br) ppm (GH4). Absorption spectrum (C}12) [Amax NM-

is mainly in a low-spin d F€, but Fe(2) and Fe(3) are

(e, M~1 o™ 1)]: 351 (32857), 402 (21950), 572 (4245). Anal. Calcd for

antiferromagnetically coupled with each other. Due to the change CigH1.PFeN3;0:SsFs: C, 26.26; H, 1.47; N, 5.10. Found: C, 27.61;

of geometry upon one-electron oxidation bfo 2, and based
on the wavefunction of the SOMO df the unpaired electron

H, 2.00; N, 5.28.
Reduction of [(ON)Fef-S,SCsHa)]3[PFe]. A CH2CI, solution (6

in 1is, presumably, delocalized among three [Fe(NO)] moieties ML) containing 0.329 g (0.4 mmol) &, 0.151 g (0.4 mmol) of [Na]-

together with the two bidentate dithiolates of Fe(1), but with
the majority of contribution coming from the Fe(1) fragment.
The SOMO is mainly contributed from the-gh 7" overlap
between Fe and N or S. However, thedlinteractions between

[BH4], and 0.229 g (0.4 mmol) of [PPN][CI] was stirred at ambient
temperature for 1 h. The color of the solution changed from dark green
to greenish brown. Diethyl ether (6 mL) was added to the solution,
and then the mixture was filtered through Celite to remove the insoluble
solid. The filtrate (CHCI,—diethyl ether mixture) was then dried under

the Fe atoms gives a net antibonding character between Fe(1),acuyum to obtain green-brown solid. The IR 1760 br (THF);
and Fe(2) or Fe(1) and Fe(3). Indeed, the geometry around they 751 pr cm? (KBr)), UV —vis (absorption spectrum (GBI) [Amax

Fe(1) changes the most frointo 2 when the removal of the

nm]: 303, 357, 408, 589) antH NMR spectrum § 2.61 (br),—0.19

unpaired electron is exercised. The spin density is indeed (br) ppm (GH.) (CDCl)) indicated the formation of.

allocated predominately on Fe atoms.

Experimental Section

Magnetic Measurements.The magnetization data were recorded
on a SQUID magnetometer (MPMS XL Quantum Design company)
with an external magnetic field of 1.0 T in the temperature ranges of

Manipulations, reactions, and transfers of samples were conducted2—300 K. The experimental magnetic susceptibility data were corrected
under nitrogen according to standard Schlenk techniques or in a for diamagnetism.

glovebox (argon gas). Solvents were distilled under nitrogen from

X-ray Absorption Spectroscopy.All X-ray absorption experiments

appropriate drying agents (methylene chloride, diethyl ether, and were carried out at the National Synchrotron Radiation Research Center
methanol from Cakb] acetonitrile from CaktP,Os, hexane and tet- (NSRRC), Hsinchu, Taiwan. All spectra were recorded at room
rahydrofuran (THF) from sodium benzophenone) and were stored in temperature. For Fe K-edge measurements, the experiment was
dried, Ne-filled flasks ove 4 A molecular sieves. Nitrogen was purged ~ performed in transmission mode at the BL-17C wiggler beamline with
through these solvents before use. Solvent was transferred to a reactior double crystal monochromator of Si(111). The energy resolioi
vessel via a stainless steel cannula under positive pressurg ohal is 2 x 107*. High harmonics were removed by using Rh-coated mirrors.
reagents iron pentacarbonyl, sodium nitrite, 1,2-benzenedithiol, bis- The energy is scanned from 6.912 to 8.105 KeV using a gas-ionization
(triphenylphosphoranylidene)ammonium chloride, fluoroboric acid, detector. A reference Fe foil is always used as an internal standard for
sodium borohydride (Lancaster/Aldrich) were used as received. Com- the calibration of energy. The ion chambers used to measure the incident
plex [PPN][Fe(COYNO)] was synthesized and characterizd by pub- (lo) and transmittedl} intensities were filled with a mixture of Nand
lished procedure¥.Infrared spectra of the(NO) stretching frequencies ~ He gas and a mixture of Nand Ar gas, respectively.

were recorded on a Perkin-Elmer model spectrum one B spectropho- The S K-edge data were measured in fluorescence mode at BL-15B
tometer with sealed solution cells (0.1 mm) and KBr windows. Hewlett- DCM with Si(111). The energy resolutiohE/E is 1.4 x 104 The
Packard 71 and GBC Cintra 10e spectrophotometers were used to recorgnergy is scanned from 2.4 to 3.0 KeV using Lytle detector in

the UV—vis spectra of each compleXd NMR spectra were recorded

fluorescence mode. The sample chamber is filled with high purity-He

on a Bruker model AC 200 spectrometer. Analyses of carbon, hydrogen, gas to avoid the air absorption. Samples were ground to powder from

and nitrogen were obtained with a CHN analyzer (Heraeus).
Preparation of [[ON)Fe(u-S,SCsH4)]3 (1). HBF4 (73 uL, 0.6 mmol)

was slowly added to the THF (10 mL) solution of [PPN][(NO)Fe(S,S-

CeHa)2] (0.611 g, 0.6 mmoly by syringe, and the mixture stirred for

single crystals, and secured onto a piece of cellophane tape. The photon
energy was calibrated to the maximum of the first preedge feature of
NaS;03-5H,0 at 2472.02 eV.

For N K-edge absorption, the data were collected at the 6-m high-

2 h at ambient temperature. The color of the reaction solution changedenergy spherical grating monochromator (HSGM) beamline with
from red brown to greenish brown. The reaction was then monitored 10 x 10um opening slits, corresponding t60.08 eV energy resolution.
with FTIR. The IR spectrumifyo: 1760 cm(THF)) was assigned to Samples were ground to powder from single crystals, then secured onto
the formation of neutral [(ON)F@g(S,S-GH.)]s (1) (0.163 g, 40%). conducting tape, and subjected to an ultrahigh vacuum chambet (10
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Torr). The spectra were recorded in total electron yield mode with a

due to the uncertainty in the crystal data. The optimization criteria are

microchannel plate as detector. Each spectrum was calibrated by usingas following: (i) the difference in the total energy between two

the known absorption at 531.3 eV of Cr oxides.

EPR/ENDOR MeasurementsEPR measurements were performed
at X-band using a Bruker EMX spectrometer equipped with a Bruker
TE102 cavity. The microwave frequency was measured with a Hewlett-

successive cycles has to be less than 0.001 hartree; (ii) the maximal
difference in the norm of the gradient between two successive cycles
has to be less than 0.01 hartree/A; (iii) the maximal difference in the
Cartesian coordinate between two successive cycles has to be less than

Packard 5246L electronic counter. During EPR measurements, the0.01 A.

temperature was maintainetl @ K by using an Advanced Research
System Helitran continuous flow cryostat (3:200 K) or at 77 K by
immersion of the EPR sample tube into liquid nitrogen containing a
finger Dewar. The EPR instrument settings are shown in the figure
legend. ENDOR spectra were recorded with a Bruker DICE ENDOR
assembly equipped with a Bruker TM ENDOR cavity fitted with a
home-built RF coil for introducing the RF radiation in conjunction with
a high-power RF amplifier (ENI 3200L) to generate the B4field
in the cavity. ENDOR spectra were collected in frequency modulation
mode by stepping the RF frequency over the range from 0.5 to 50
MHz. The ENDOR instrument settings are shown in the figure legend.
MO Calculation. DFT calculations were carried out by Amsterdam
Density Functional 2004.01 (ADP)with the generalized gradient
approximation (GGA). The corrections of LDA and GGA parts are
taken fromVWN* and BP?526 The SCALAR ZORA is used for
relativistic corrections. A close shell MO calculation of the cation of
2 is performed. Both unrestricted and restricted open shell MO
calculations ofl. have been computed. The tripleSlater type function
complemented with two polarization functions (TZ2P) are used for all
atoms. Geometric coordinates of each complex were taken from the

X-ray Diffraction. Crystallographic data and the detailed atomic
parameters of complexesand 2 are summarized in the Supporting
Information (Table S1). The crystals df and 2 chosen for X-ray
diffraction studies are measured in size 0.28 mn®.28 mmx 0.10
mm, and 0.18 mnx 0.16 mmx 0.09 mm, 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 foll and 2 were carried out on a SMART CCD
diffractometer with graphite-monochromated Ma Kadiation ¢ =
0.7107 A) andd between 1.8%and 27.50 for 1, and between 1.39
and 27.50 for 2. Least-squares refinement of the positional and
anisotropic thermal parameters of all non-hydrogen atoms and fixed
hydrogen atoms was based Bh A SADABS?” absorption correction
was made. The SHELXT® structure refinement program was em-
ployed. In the case df, the oxygen atoms in all NO groups were found
to be disordered, two positions were modeled in 50% each with
positional coordinates refined.
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