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Abstract: The crystal structure at room temperature of the solvatee-saliur synthetic compound (f)s[FesSu(SCHx-
Ph)]-DMF has been determined. The conformation of four ligand branche®ICkhked to the F&Sg unit is very
disturbed in contrast with the much more symmetrical situation in the already known nonsolvated compound. The
paramagnetic core [E8;]" has been studied by electron paramagnetic resonance (EPR) at a few kelvins in single
crystals: it has ars = %, ground state in contrast with tf&= 3/, ground state in the nonsolvated compound. It

is the firstS= 1/, ground state studied in a single crystal for an irsulfur synthetic compound and hgwalues

of 2.027, 1.930, and 1.904 and principal directions near the three normals to opposite “faces” of the cujaie [Fe
Polycrystalline EPR studies were done to observe alterations of the product but also are analyzed in relation with

previous frozen solution studies.

Introduction

Analogs of the cores of the active site of iresulfur proteins

have been synthesized in various laboratories in order to
undertake the study of their physical properties. Polycrystalline
solids or frozen solutions were prepared for magnetic SUSCeP-gpin state behavior for the synthetic 5+

tibility and magnetization measurements and forsstmauer and

which is more difficult but has the advantage of working on an
intrinsic species whose geometry can be obtained by X-ray
studies.

From polycrystalline solid studies in the'¢R)s[FesSs(SR)]
compounds, Carney et aldentify three categories of ground
oxidation state:

(i) pure spinsS = %/, or S= 1/,, (ii) physical mixtures of pure

EPR spectroscopy of the ground states. Holm and co-workerssmnsS: 1, andS = ¥,, (jii) spin-admixed state§ = “1/, +
have synthesized and studied in particular reduced clusterSe,/zu of pure spinsS= Y, andS = ..

[FesSy(SR)]3~ and oxidized clusters [E84(SR)]%~, which
involve cores [Fg54" and [FaSs)%" of cubane type respec-
tively, like reduced and oxidized ferredoxihs.

The [FaS4)?" oxidation state (with even number of electrons)
has a ground spin sta®= 0. The [F@Sy]* oxidation state

We have already reported a single-crystal EPR study of a
synthetic [FeS,] ™ oxidation state involving an effective sps
= 3/, and its two Kramers doublefsthis was for the case of
the ground spin state in the compound,{5t[FesS4(SCH.Ph)],
which Carney et al. class in their third categérywe found

(with odd number of electrons) has half-integer spins so EPR that the high concentration of the paramagnetic centers leads
spectroscopy plays an important role in the study of the to spin-spin interactions that both enrich and complicate the
corresponding ground states. Our ambition is to improve EPR spectra as compared to those of the dilute paramagnetic

knowledge of the spin ground states in such irgnlfur

synthetic compounds by proceeding to full EPR studies on single

crystals in order to obtain the completgensor in the molecular
geometry and not just thg values as in the polycrystalline
studies.

species created hy-irradiation in the diamagnetic crystals.

In the present paper, we report the new single-crystal EPR
study of another synthetic [F®]™ oxidation state, this time
for the case of an effective spi = /,. We obtained the
corresponding crystal as a variant after the synthesis of the

We have undertaken single-crystal EPR studies of the groundcompound (EfN)s[FesS4(SCH.Ph)]. The spin-spin interac-

spin state in the two families of g% clusters. First, by
y-irradiation of single crystals containing the diamagnetic
[FesSy]%+ oxidation state, we have created dilute {&4+ and
[FesS4]3+ oxidation states which up to now have always shown
ground spin stateS = 1/,.2 Second, we are developing EPR
studies of single crystals containing the J&4* oxidation state,
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tions lead to more complex spectra than those of the first case.
The present compound is much more unstable in air, which
greatly increases the difficulty of obtaining results. Moreover,
it was very difficult to make single crystals of sufficient quality
for X-ray studies and for identification of the solvated compound
(EuN)3[FesSy(SCH,Ph)]-DMF (where DMF designates a mol-
ecule of dimethylformamide HCONMEg But several attractive
features motivate the study of this compound. WhereasSthe
= 1/, ground spin state alone is frequently encountered for the
native [FeS4]™ oxidation level in the reduced ferredoxins, this
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Table 1. Crystal Data for (EiN)s[FesSi(SCHPh)]-DMF

formula GsHosFesSN4O
fw 1308.25

crystal system orthorhombic
space group P212,2;

a(h) 24.52 (1)

b (A) 12.210 (5)
c(A) 21.866 (6)

z 4

R 0.080

GOF 1.28

is only the second time that such a state has been found alone
in the synthetic compounds, and it is the first single-crystal EPR
study. Also, it provides an occasion to characterize a new
ground spin state following the earlier study of the state with
effective spinS= %/, for the same cluster [8/(SCHPh)]3".
First, we will present the X-ray single-crystal structural study
of the compound (BN)3[FesSi(SCHPh)]-DMF. After that,
the powder and single-crystal EPR studies will constitute the
main part of the paper.

Figure 1. Structure of the & portion of the anion [F&(SCHPh)]3~
present in (EN)s[FesSi(SCH.Ph)]-DMF, showing the atom-labeling
scheme and the irersulfur bond distances.

Crystal Structure of (Et 4N)s[FesSy(SCHoPh)s]-DMF Knowledge of the X-ray structure was essential for two
reasons: (1) to identify this compound with sj@r= 1/, and to

We obtained the corresponding crystals directly after the find the differences which characterize it in relation to the
single-step synthesis method of Hagen et>dbefore the  compound with spir§ = 3/; (2) to have the geometry of the
recrystallization in acetonitrile that leads to single crystals of Fe,S, cubane available so as to interpret theensor measured
the nonsolvated compound. by EPR.

Solution and Description of the Structure. After introduc- The asymmetric unit consists of one anionf&RESCHPhY]3-,
tion in a Lindemann capillary, which was sealed under argon, three cations (BN)*, and one solvate molecule HCONMe
a crystal was studied at room temperature on an Enraf-NoniusThe differences between the compounds with $p#n 1/, and
CAD-4 diffractometer using graphite-monochromated M@ K spin S = 3/, come from the capture of the solvate molecule in
radiation. After eliminating a number of samples of insufficient the compound with spir§ = %,. To give an idea of the
quality to get diffraction data, the X-ray study could be done distances between the /Sz cubane and the nearest nitrogen-
on one crystal of approximate dimensions &70.35 x 0.3 containing groups, we note that the shortest distances\Fe
mm. Although somewhat too big to be properly studied on the and S-N for the nitrogens of the cations are about®3 and
four-circle diffractometer, this sample was used just as it was. 4.5-5.5 A, respectively, and that the nitrogen of the solvate
The cell parameters were refined by least-squares from themolecule which is distinctly the nearest to the cubane is about
positions of 25 standard reflections. They are given in Table 1 5.4 and 5 A distant from an iron and a sulfur, respectively.
with the other crystal data. The systematic absences that were The atomic positions for the non-hydrogen atettise irons,
recorded allowed us to identify the crystal space group as sulfurs, and carbons of the anion; the nitrogen and carbons of
P2,2,2;. In the intensity measurements, Lorentz and polariza- the cations; the oxygen, nitrogen, and carbons of the solvate
tion corrections were taken into account, but no absorption molecule-are reported in the Supporting Information. The
correction was included. Using the direct method involved in structure of the F&g portion is shown in Figure 1 with the
the SHELX86 packag®all the atoms of FgS(SCH.CgHs)4 iron—sulfur bond distances, i.e., the four+8 and 12 Fe S*
were found except the hydrogen atoms. Difference Fourier distances (where S* is a core atom). More generally, Table 2
maps then allowed us to locate all the non-hydrogen atoms of gives selected distances and angles of theSgstructure for
three (GHs)4N units and of one solvate molecule HCON(§H the same categories as those given in ref 8 for th&fstructure
Refinement was achieved with the program SHELX7Given of the nonsolvated compound. In the table, each category is
the relatively low crystalline quality, only 3083 structure factors divided into blocks, either one block of four or three blocks of
could be deduced from the 8555 measurements done. Also,two or three blocks of four. A possiblB,q symmetry would
we had to reduce the number of variables to be refined that lead to the equivalence of the parameters in each block and, in
would otherwise have reached the maximum of 649 for the full the case of several blocks, to two groups involving respectively
anisotropic model. On the one hand, the atoms of the cationsone block and two blocks, those of the same range for any
and of the DMF molecule were refined for only isotropic thermal parameter type. We clearly observe the equivalence (or the
parameters. On the other hand, the atoms of the anion werequasi-equivalence) of the means of the second and third blocks
refined for anisotropic thermal parameters, but with imposed for all the parameter types of the /&%, core. Thus, for an
rigid plane blocks for the phenyl cycles{@ = 1.395 A). The observation restricted to the mean values, thgSEgecubane
number of variables was thus reduced to 466. The hydrogenwould exhibit aD,y idealized symmetry. The three means of
atoms were calculated but not refined. The final residuBlyis  the Fe-S* distances (2.317, 2.300, and 2.300, respectively)

= 0.07. would indicate that it is an elongatddbqy Symmetry with the
Fe(1)Fe(2)x Fe(3)Fe(4)direction as the 4xis; we note also
29§? Hagen, K. S.; Watson, A. D.; Holm, R. Hhorg. Chem.1984 23, that the difference between the long and short values is so small
(6) Sheldrick, G. M.Crystallographic Computing;3Sheldrick, G. M., that it would be one of the smallest differences known. But

glé%er. CIZ%,5Goddard, R., Eds.; Oxford University Press: Oxford, UK., we find that the equivalence is not as good in the details of the
P .

(7) Sheldrick, G. M.SHELX76 System of Computing Prograrasi- (8) Berg, J. M.; Hodgson, K. O.; Holm, R. H. Am. Chem. Sod979
versity of Cambridge: Cambridge, England, 1976. 101, 4586.
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Table 2. Selected Distances (A) and Angles (deg) for theSke
Portion of the Anion of (EN)s[FesSi(SCH.Ph)]-DMF2

Fe--S*
Fe(1)-S(1)
Fe(2)-S(2)
Fe(3)-S(3)
Fe(4)y-S(4)

mean

Fe--Fe
Fe(1)>-Fe(2)
Fe(3>-Fe(4)
mean
Fe(1)>-Fe(3)
Fe(2>-Fe(4)
mean
Fe(1)y-Fe(4)
Fe(2y-Fe(3)
mean
mean of 6

Fe-S*

Fe(1)-S(2)
Fe(2)-S(1)
Fe(3)-S(4)
Fe(4)-S(3)
mean

Fe(1)}-S(3)
Fe(2)-S(4)
Fe(3)-S(1)
Fe(4>-S(2)
mean

Fe(1)-S(4)
Fe(2)-S(3)
Fe(3)-S(2)
Fe(4)-S(1)
mean

mean of 12

Fe-S*—Fe
Fe(3)-S(1)y-Fe(4)
Fe(4)>-S(2)-Fe(3)
Fe(2>-S(3)-Fe(1)
Fe(1»-S(4)y-Fe(2)
mean
Fe(2-S(1)-Fe(4)
Fe(3>-S(2)-Fe(1)
Fe(4>-S(3)-Fe(2)
Fe(1»-S(4)-Fe(3)
mean
Fe(2-S(1)-Fe(3)
Fe(4)>-S(2)-Fe(1)
Fe(1)>-S(3)-Fe(4)
Fe(3>-S(4)-Fe(2)
mean
mean of 12

Fe—Fe—Fe
Fe(3y-Fe(1)-Fe(4)
Fe(4)y-Fe(2)-Fe(3)
Fe(2-Fe(3)-Fe(1)
Fe(1)y-Fe(4)-Fe(2)
mean
Fe(2y-Fe(1)-Fe(4)
Fe(3)-Fe(2)-Fe(1)
Fe(4)y-Fe(3)-Fe(2)
Fe(1)y-Fe(4)-Fe(3)
mean
Fe(2)-Fe(1)}-Fe(3)
Fe(4>-Fe(2)-Fe(1)
Fe(1)>-Fe(3)-Fe(4)
Fe(3-Fe(4)-Fe(2)
mean
mean of 12

3.900 (5)
3.930 (5)
3.919 (5)
3.917 (5)
3.917

2.777 (3)
2.757 (3)
2.767
2.750 (3)
2.745 (3)
2.748
2.730 (3)
2.745 (3)
2.738
2.751

2.322 (5)
2.304 (5)
2.319 (6)
2.323 (5)

74.2 (2)
73.7 (2)
74.3 (2)
73.7 (2)
74.0

73.7 (2)
72.9 (2)
73.0 (2)
72.6 (2)
73.1

73.3(2)
72.5(2)
72.3(2)
72.9 (2)
72.8

733

60.4 (1)
60.3 (1)
60.7 (1)
61.0 (1)
60.6

59.8 (1)
59.7 (1)
59.8 (1)
60.1 (1)
59.9

59.6 (1)
59.3 (1)
59.4 (1)
59.9 (1)
59.6

60.0

Fe-S
Fe(HS(5)
Fe(2)S(6)
Fe(3)S(7)
Fe(4yS(8)

mean

S*h . .S*

S(HS(2)
S(3)S(4)
mean
S(HS(3)
S(2)S(4)
mean
S(1S(4)
S(2)S(3)
mean
mean of 6

S—Fe-S*
S(5)Fe(1)-S(2)
S(6yFe(2)-S(2)
S(AFe(3)-S(4)
S(8yFe(4-S(3)
mean
S(5yFe(1-S(3)
S(6yFe(2)-S(4)
S(AHFe(3-S(1)
S(8yFe(4)y-S(2)
mean
S(5yFe(1)-S(4)
S(6)yFe(2)-S(3)
S(HFe(3-S(2)
S(8yFe(4)-S(1)
mean

mean of 12

S*Fe-S*

S(3)yFe(1)-S(4)
S(4yFe(2)-S(3)
S(2yFe(3)-S(1)
S(HFe(4)y-S(2)
mean
S(2yFe(1)-S(4)
S(3yFe(2)-S(1)
S(4yFe(3)-S(2)
S(HFe(4)y-S(3)
mean
S(2yFe(1)-S(3)
S(4yFe(2)-S(1)
S(XyFe(3)-S(4)
S(3)Fe(4)y-S(2)
mean

mean of 12

S*-S*—G*

S(3yS(1)-S(4)
S(4yS(2)-S(3)
S(2¥S(3)-S(1)
S(S(4)-5(2)
mean
S(2yS(1y-S(4)
S(3yS(2)-5(1)
S(4yS(3)-5(2)
S(ErS(4)-5(3)
mean
S(2yS(1)-S(3)
S(4yS(2)-S(1)
S(5S(3)-S(4)
S(3rS(4)-S(2)
mean

mean of 12

2.295 (6)
2.293 (5)
2.310 (5)
2.295 (5)
2.298

3.593 (6)
3.613 (7)
3.603
3.636 (6)
3.685 (7)
3.661
3.659 (7)
3.685 (6)
3.672
3.645

109.6 (2)
114.9 (2)
113.0 (2)
109.6 (2)
111.8
113.3 (2)
118.2 (2)
116.3 (2)
113.2 (2)
115.3
119.7 (2)
108.9 (2)
113.2 (2)
118.7 (2)
115.1
114.1

102.5 (2)
103.7 (2)
102.7 (2)
103.8 (2)

59.4 (1)
58.7 (1)
58.8 (1)
58.6 (1)
58.9

61.1 (1)
59.9 (1)

aTheir estimated standard deviations are in parentheses.
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Table 3. Ranges of Values of Selected Distances (A) and Angles
(deg) of the Same Type in the Two 45 Portions of the Anions of
the Solvated and Nonsolvated {H}s[Fe;Si(SCH.Ph)]

range of values

distances (A) solvated compd nonsolvated cofnpd

Fe-S* 2.27-2.33 2.30-2.33
Fe-S 2.29-2.31 2.28-2.31
Fe--Fe 2.73-2.78 2.72-2.78
S*...S* 3.59-3.69 3.63-3.71
Fe--S* 3.90-3.93 3.91-3.96
range of values
angles (deg) solvated compd nonsolvated cdmpd
S—Fe—-S* 108.9-119.7 107.4119.8
S*—Fe—-S* 102.5-105.9 103.2-106.5
Fe—S*—Fe 72.3-74.3 71.874.3
Fe—-Fe—Fe 59.3-61.0 58.7-60.9
S*—S*—S* 58.6-61.3 59.1+-61.2

@ Deduced from data of ref 8.
parameters: there are notable exceptions as, for instance, in the
group having mean value 2.300 for the-F&* distances, 2.327
for Fe(1)-S(4), and 2.273 for Fe(4)S(1). Seeing only the
mean values of the-S-e—S* angles (respectively 111.8, 115.3,
and 115.1), we might have extended tt®,y idealized sym-
metry to the whole #e&S*, cluster, but in fact the parameters
taken in detail do not obey this symmetry, and finally it is only
possible, in each block, to group them two by two, on the one
hand the first and fourth parameters, on the other hand the
second and third. Then, if we include the outer S atoms, we
can no_longer retaiD,q symmetry with the 4axis in the
Fe(1)Fe(2)x Fe(3)Fe(4direction but only an idealized 2-fold
axis in the Fe(1)Fe(4x Fe(2)Fe(3)direction.

Comparison between Solvated and Nonsolvated Struc-
tures. The various ranges of values of selected distances and
angles of the same category for tha%gortions of the solvated
(this work) and nonsolvated (ref 8) compounds are reported in
Table 3, and we observe as a general rule a close analogy
between the two series of values. To go further, we try to find
a situation of superposition between the$% “solvated” and
“nonsolvated” cubanes that involves congruences between the
two series of parameters. That would allow us to characterize
the common configuration if it exists. A first group of 12
configurations of the F&*4 solvated cubanes is constituted by
the atom labeling chosen in such a way that Fe(1)Fe(2)
Fe(1)Fe(3) Fe(1)Fe(4)is a right-handed system in the struc-
ture and the labelings resulting from the 11 permutations of
the atom labels that maintain the above system right-handed.
We compare the parameters of each configuration with those
of the same name of the particular nonsolvated cubane given
in ref 8, which also has a right-handed system Fe(1)Fe(2)
Fe(1)Fe(3) Fe(1)Fe(4) A second group of configurations is
constituted by the labelings resulting from the 12 permutations
of the atom labels that change the handedness of the system
Fe(1)Fe(2) Fe(1)Fe(3) Fe(1)Fe(4) We then compare their
parameters with those of the other type of nonsolvated cubanes,
which has a left-handed system Fe(1)Fe(Be(1)Fe(3)

Fe(1)Fe(4) No association leading to a real correlation be-

tween the Fg5*4 solvated and nonsolvated cubanes comes out
clearly from these comparisons between parameters. It is only
when we extend the procedure to the outer S atoms, that is when
we consider the &e,S*, clusters, that a more marked correla-
tion appears in the case of a configuration of the first group.
This is the one that is obtained by replacing the labeling (1,2,3,4)
by the labeling (1,4,2,3): we find in this case close values for
angles S-Fe—S* of the same label with a mean deviation of
1.3°. In this particular configuration of the EF®*, solvated
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Figure 2. Views of the anion [F£5,(SCHPh)]3~ projected along the normals to opposite faces of the cubane, which form a quasi-orthogonal axis
set. Case of the nonsolvated compound:NEfFesS«(SCHPh)] (from data of ref 8): (A) along—Fe(1)Fe(4) x Fe(2)Fe(3) (B) along
Fe(1)Fe(2)x Fe(4)Fe(3) (C) along Fe(1)Fe(3x Fe(4)Fe(2) Case of the solvated compound A&f[FesSi(SCH.Ph)]-DMF (this work): (D)
along—Fe(1)Fe(2)x Fe(3)Fe(4) (E) along Fe(1)Fe(3x Fe(2)Fe(4) (F) along Fe(1)Fe(4x Fe(2)Fe(3) The labeling (1,2,3,4) of the irons of a

solvated cubane is in correspondence with the labeling (1,4,2,3) of the irons of the nonsolvated cubane placed above it in the figure, following the
connection that is discussed in text.

cubane, the idealized 2-fold axis in the Fe(1)Fe(4) 5 A and distances SN about 4.5-5 A. On the other hand,
Fe(Z)Fe(g)direction considered above comes para||e| to the here in this solvated Compound, the conformation of the terminal

idealized 2-fold axis in the Fe(1)Fe(3) Fe(2)Fe(dxlirection  19ands appears strongly disordered. Two terminal ligands
. . approach the staggered position with regard te $edirections
introduced in ref 8 for the nonsolvated cubane.

The addition of the solvate molecule induces serious structural that appear a priori arbitrary, with dihedral angles of 1
changes in the environment of the cubane. First, there is theS*(S)—Fe(4)—S(8)—C(8) ar!d 17-5' for S*(3)—Fe(2)—S(6)—.

9 . : ’ C(6). The two other terminal ligands approach the eclipsed
presence of the solvate molecule itself at ab®ul from the position with dihedral angles of 22for S*(2)—Fe(l)-
cubane. There are the very different space groups, monoclinics(s)_c(s) and only 4 for S*(2)—Fe(3)-S(7)-C(7)! In Figure
Cc for the nonsolvated case and orthorhomii2,2, for the 2 where, as for the nonsolvated case, we show views of the
solvated case, producing very different environments of anionic ' y

iahbor sit d h ani idered. Th | anion projected along the normals, we can only note the
neighbor sites around €ach anion considered. Ere aré aisQ,,nsigerable changes from one case to the other. The location
the very different orientations, with respect to each central

cubane, of the terminal ligands of the anions beyond the four of the cations is also seriously affected: the nearest cations no
’ . . . longer lie two by two above opposite faces, but instead the three
outer sulfurs together with the different locations found for the g y bp

' cati n th vsis of the orientati  the termi Inearest cations are connected to three orthogonal faces and less
nearest cations. inthe analysis of tne orientation ot the terminat, o, aligned with these faces. Among the 10 sulfurated or
ligands, it is usual to introduce the dihedral angles-B&—

. seleniated compounds whose structure is now known, this is
S—C and to examine whether they approach the’ 38ggered inlv th h he bi : R ith
position where the SC bond is opposite to a F&S* bond: the certainly the one that presents the biggest disorganization wit

other limiting case would correspond to the position where the regard to the orientation of terminal ligands of the anion
3- =
S—C bond eclipses a Fe5* bond? In the nonsolvated case, [FeX4(SRY* (X =S, Se), whereas the nonsolvated compound

h ¢ ; f th inal ligands ob . is among those that involve the best structured anions. Most

t 3 con orr?]gnhon 0 _tte t;armma |E_an ?hocfggaa ce[jtam of the eight other known structures involve JRa(SR)]3~

g:)s(ietriglr?;‘o\:vtr:(ce foz?r:fr:ZIZsosi tigi)er?jailri tlhnegran(;e 3 68%92:% anions with terminal ligands for which the four dihedral angles
. - .

with regard to the four FeS* bonds “parallel” to the normal X* —Fe-S-C approach the 18Gtaggered position. But, only

. in two or three of these structures are the four relevant@e
to opposite fa.ces of the cubane Fe(1)Fe) F(.a(Z).Fe(L.L) bonds “parallel” to a same Fe(i)Fe() Fe(k)Fe(l)direction as
Then, the four ligands are deployed “parallel” to this direction as

o ; . ) they are in the nonsolvated compound. Among the two or three
we see in Figure 2, where we ShO\.N views of the anion prOJectgd structures where some dihedral angles deviate more from the
along the thr.ee normals to opposite faces .o.f thg cubane, Wh'Chstaggered position, we note that up to now the dihedral angle
form a qua5|-or.thogonall axis set. In' addition, it appears that that led to the situation nearest to an eclipsed position was 18
the nearest cations, which are four in number, lie above the

S in the compound (EMeN)3[Fe;S4(SPh)].1% Only two other
four other cubane faces with distances-Regrouped around dihedral angles led to situations somewhat nearer an eclipsed

(9) In ferrous rubredoxin and the model complexstBb[Fe(SR)] (R position than a staggered position with the common value of
= 2-(Ph)GHa), the splitting of the ferrous 3d orbitals is found to depend
on the orientation of the-SC bond (Gebhard, M. S.; Koch, S. A.; Millar, (10) Laskowski, E. J.; Frankel, R. B.; Gillum, W. O.; Papaefthymiou,
M.; Devlin, F. J.; Stephens, P. J.; Solomon, EJ.IAm. Chem. S0d.991, G. C.; Renaud, J.; Ibers, J. A;; Holm, R. #.Am. Chem. S0d.978 100,

113 1640). 5322.
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28 in the compound (BN)s[FesSs(S+-CeH4Br)4], 1! the first
compound found with a spig = /5. 2.027

EPR Spectroscopy

Preserving the samples was a serious constraint, and precau-
tions had to be increased as compared to work on the more Gx100 2/000
stable nonsolvated compound. We have already seen that it NN
had been hard to find a single crystal of acceptable quality for |
the X-ray study. Fortunately, the requirements were not as 100 500
demanding for EPR studies, and the sample quality generally
remained satisfactory if we took care to avoid keeping the SO mT
samples too long in the glovebox and limited handling in air to
a minimum during the EPR experiments.

EPR absorption measurements were done on a Varian E-109
X-band spectrometer equipped with an Oxford Instruments
ESR-9 continuous-flow helium cryostat. The high concentration
of electron spins produced spispin interactions, which
induced broad lines and line splittings as in the case of the

4.
| 1.904
nonsolvatedS = 3, compound. However, as expected for a
lower spin where spiftspin interactions are a priori weaker,
the lines were less strongly broadened, less than 10 mT here
compared to 1630 mT in theS= 3/, case. Also, spirlattice
Gx1
x

relaxation was much less troublesome than inShke %/, case,
which leads us to think that the first excited states do not lie as
low here. Whereas in th& = ¥, case the EPR lines were
already broadened by spitattice relaxation at less than 10 K
and disappeared above 12 K, here the lines are still seen to 30
K, even if broadened. Nevertheless, the experiments were done u |
at very low temperature, generally near 4 K. As usual for S0 seo
powder samples, first-derivative spectra were recorded. For the —_—
single-crystal samples, second-derivative spectra obtained from
“in phase” detection at the second harmonic of the Zeeman
modulation frequency were preferred to facilitate measuring the
resonance peaks to obtain the variations of the resonance fields ‘

as a function of orientation. The reduction of the amplitude of b4l
the EPR lines in the second-derivative mode could be compen-

sated by increasing the microwave power.

Powder EPR Experiments. Figure 3A shows the powder 2.00
EPR first-derivative absorption spectrum. The only signal |
present appears in a limited range arogre 2, which identifies
unguestionably a spiS= 1/,. The baseline retraced with gain
x 100 for g above 3.5 gives no trace of any component of
signals of other half-integer spinS > 1/,.12 The powder
spectrum appears to correspond to axial symmetry, but we shall
see that its appearance is misleading: the later single-crystal
EPR results lead to a rhombgtensor with three distincg
values that are marked in Figure 3A. An extra signal attributed
to a free radical impurity is observed @t= 2 as is often the
case in model compounds with cluster trianion salts (see footnote
27 in ref 13).

It is interesting to examine in the powder EPR spectra two
types of alteration of the material. First, Figure 3B shows the
EPR spectrum of a polycrystalline sample that has remained in
the glovebox a sufficiently long time to cause an alteration:
signals appear aj = 4.97 andg = 1.41, i.e., at two of the
three powder values of the nonsolvatesl = 3, compound, Figure 3. First derivative of the powder X-band EPR absorption for
and the thirdg value (1.9) would then be hidden by tBe= 1/, (EtN)s[FesS((SCHPh)]-DMF; frequency 9.23 GHz; modulation am-

signal’* We can deduce that the compound is unstable and Plitude 1 mT, power 0.02 mW (A and B), 1 mW (C). (A) Typical

. . spectrum: the 3 values of the spirS = Y/, deduced from single-
that desolvation has operated on a fraction of the powder. crystal EPR studies are marked; extra, free radical signal is observed

. - : - at g = 2; the baseline with gairx 100 aboveg = 3.5 gives no trace
H (Ill) Stgr%han,lgDé W2"2 Pla5p5%efthym|0u, G. C.; Frankel, R. B.; Holm, R.  of spinsS > 1/,. (B) Excessive time in the glovebox: gain100 shows
- Inorg. Chem.1983 22, prap 1 ! . features aty = 4.97 and 1.41 characteristic of the sgn= 3%, of
(12) The magnetic susceptibility follows &w */, Curie-Weiss law at onsolvated (BN)J[FesS(SCHPh)]. (C) Excessive time in air:
low temperature, so excited states are not thermally accessible and thus ar catures ag = 4 253andg 279,70 are .characteristic of a pure s :
not observed by EPR. - -

(13) Laskowé’ki, E. J.; Reynolds, J. G.; Frankel, R. B.; Foner, S.; %2 of F€" ion where the rhombicity parameter is very close to the
Papaefthymiou, G. C.; Holm, R. H. Am. Chem. Sod.979 101, 6562. maximum; the extra signal at= 2 is now considerably amplified.

Gx100

S00
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Second, Figure 3C shows the EPR spectrum of anotherHmT)
polycrystalline sample that has remained overnight in air: there ssp _
are severe modifications in the range arogr 2 with a large "
amplification of the free radical impurity signal, and moreover +
a strong signal of first-derivative shape is now observeagi-at 345 ¢
4.25. This new signal has to be attributed to a (quasi-)isotropic
effective g-tensor, and we can identify it with the effective
g-tensor of the Kramers doublet®/," of a pure spinS = %,
when nonaxiality is very close to its maximum extent (isotropic
g = 4.29)15 The weak singularity around = 9.7, which is 335 |
situated at the edge of a broad signal, corresponds @\hkie
of 9.68 that is found for the two other Kramers doublets
“4+1," and “45," of the S= %, spin when the nonaxiality is 330 |
maximum; the weakness of the singularity expresses the small +
value of the transition probability given the smallness of the *
two otherg values (0.86 and 0.61}. Moreover, thisS = 5/, 325 ¢ - I
spectrum has a close analogy with the spectrum &f fems in
glass shown by Castner et al. in Figure 1 of ref 16. Thus, a 3
large fraction of the compound is altered such that exchange M 20 60 o 30 &0 0 30 60 90
and double-exchange interactions, which are assumed to operate  a b c a
on the high spin§ = %, of the two Fé* andS= 2 of the two Figure 4. Experimental values (crosses) and fitted angular variations
Fe** to give theS = Y/, spin, are not effective, and this leads (curves) of the resonance fields in millitesla in the three orthogonal
to observation of only the high spirg= 5/, of the Fé" ions. planesab, bc, andca. Microwave frequency is 9.23 GHz. The splittings
Single-Crystal EPR Experiments. In the single-crystal EPR by spin—spin interactions observed in the plasigare not considered
studies, handling of the sample in air had to be reduced to air_] the fit. The low-field curve in the planea corresponds to the EPR
minimum given its fragility and its oxygen sensitivity. Also, Sit¢ of Table 4.
the most developed face of the sample, parallel to the glane  the case for other splittings between neighboring cubanes in
and with one edge parallel to theaxis, was fixed by grease  the S= 3 nonsolvated compound. The shortest center-to-center
on a small plate of plexiglass with the axis edge oriented distances are of the same order, a little longer here (about12.2
parallel to one edge of the plate by positioning against a 12.4 A) than in the nonsolvated compound (about +1B5
shoulder. Then, on the bottom of a cylindrical sample-holder A), with the shortest ironriron distances of 10.1 and 9.6 A,
having two horizontal and vertical cuts, the plate could be fixed respectively. The interactions mask information useful in the
successively in three distinct orientations to get the angular g-tensor calculation because we do not really know if in their
variations of the resonance fields in the three mutually orthogo- absence thab plane angular variation would be unique as the
nal planesab, bc, and ca. Sample-holders with skew cuts single variation observed near theandb axes suggests. If it
allowed study in more general planes. Several single crystalswas unique, the nondiagonal elemegf4, would be zero, like
were used during these experiments and gave consistent result€g?)nc, and theg-tensor would have the axis as a principal
The angular variations of the resonance fields in the three axis, with at the most only two distinct EPR sites Fbparallel
planesab, bc, andca are given in Figure 4, in millitesla. The  to a general direction and thus only two lines in the absence of
EPR sites are all equivalent fet along the 2-fold axes, thatis  the spin-spin interaction splittings.
the a, b, andc crystal directions, and we note that the peak We have examined the angular variations in other more
peak widths of the first-derivative signal in these directions are general planes. Figure 5, panels A and B, shows angular
about 30, 55, and 17 G, respectively. Because of the ortho- variations obtained with the plate of plexiglass fixed on a skew
rhombic Laue symmetry, which leads to four distinguishable Sample-holder section making an angle of abouit\8h the
EPR sites whem is in a general direction, only two distinct ~ horizontal plane, and the plate is rotated® @ the section
EPR sites, i.e., two distinct angular variations, must appear in between the two experiments. The sample is fixed by grease
theab, bc, andca planes. This is indeed what is observed in 0N the shoulder of the plate of plexiglass: theaxis edge
theca p|ane’ and Figure 6A gives a typ|ca| Spectrum Showing remains in its orientation parallel to the plate, but Hﬂﬂ)lane
the two corresponding lines in the absorption second-derivative face becomes perpendicular to the plate. The plane of Figure
mode. This Spectrum Correspondg-tm theca p|ane at38.% 5A is identified later ag’'b’ with & very close toa andb’ at
toc. The same occurs in the plane even if the two angular ~ 32.5 to b in the planebc. The plane of Figure 5B is a plane
variations fortuitously coalesce, which implies that the nondi- ba’ with & at 59.5 to c in the planeca In the two cases,
agonal elementg®),. of the squared tensag? is zero. The splittings by spir-spin interactions intervene to complicate the
behavior is more complicated in tfab plane: near the axes experimental angular variations, and moreover partial overlaps
andb one finds only one angular variation, just as in the of too broad lines distort these variations. Figure 6B presents
plane, but over several tens of degrees, in the central part ofthe spectrum foH parallel to the direction common to the two
the spectrum, four lines appear that are indicated by four seriesPlanesa’b’ andba’, i.e., the direction oriented at 134 a' in
of dots in Figure 4. Spirspin interactions between neighboring the planea’d’ and at 53to b in the planeba’. In this direction,

cubanes must be responsible for this splitting as was alreadyWe observe essentially two lines of equal amplitude and a third
line with about twice their amplitude, the three lines having
|(14) ,Tf;is set C;ftr\]/aluhes C;n_%?t,be fi_ttedfblystpe tcri]ia?(fams of gffegi\t'e equivalent widths. The strength of the latter, more intense line
values In terms o € rnompicCiygiven in re or the Kramers aoublets H H ’ rr H H
of a pure spinS = 3/, (isotropic realg value of 2). We explained thg IS p_re_served in both planeé,b andb,a , and thls_umque angulqr
value set by an effective spB= 3, with / = %/ and realg values around variation has to be associated with two equivalent EPR sites.
1.9 (see ref 4). 4 _ i« Chemi y Thus, the two EPR sites already equivalent by symmetrydfor
e Hagen, W B, imdrances n lirgani ChemSpEykes. A G in the planeca also appear equivalent f6f i the planchal
(16) Castner, T., Jr.; Newell, G. S.; Holton, W. C.; Slichter, C.JP. and in all of the large part of the pla@é’ where the splittings

Chem. Phys196Q 32, 668. by spin—spin interactions are absent. These properties alone
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340 4
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330 b
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Figure 5. Experimental values (crosses) and fitted angular variations
(curves) of the resonance fields in millitesla in plags andba’.
Microwave frequency is 9.23 GHz. The splittings by spapin
interactions are not considered in the fit. (A)in the planea’b’ whose
normal has direction cosines(.035;—0.537; 0.843) in the axis system
abc, with &' close toa andb' at 32.5 to b in the planebc; the curve
that lies in high field between®tand 90 corresponds to the EPR site
of Table 4. (B)H in the planebd’ whose normal has direction cosines
(0.508; 0;—0.862) in the axis systelbc, with &' at 59.5 to c in the
planeca; the low-field curve corresponds to the EPR site of Table 4.

A
| |
310 370
e —
10 mT
B
l |
310 370
|
10 mT

Figure 6. Second derivative of the EPR absorption. Modulation
amplitude is 1 mT, and microwave power is 10 mW. (Aparallel to
the direction having orientation 38.%0 c in the planeca of Figure 4;

Gloux et al.

has quite accurately thb axis as principal axis with zero
nondiagonal elementg)an and @9)pe.. We note that the two
lines of equal intensity and the corresponding angular variations
in the planea’b’ could only be explained by a spirspin
interaction splitting because they were prolonged in another
portion of the plane by the single line of equivalent sites,
whereas an ordinary splitting of nonequivalent sites would have
also been conceivable a priori if only the angular variations in
the planeba’ were available.

The g-Tensor. The spin Hamiltonian in the case of a spin
S =1/, is simply the Zeeman Hamiltonian

H = fpHgS 1)

wheref is the Bohr magneton. Using the analytic expression
of the resonance field, which derives from eq 1 and which
involves the matrix elements of the squared tengoin the
system of axesbc as parameters, least-square fits of angular
variations are performed to obtain these parameters. The
proceedings are facilitated in this case because we know that
the elementsg?)a, and @2, are zero. We note a particular
point: in any direction showing spirspin interaction splitting

and considering the weakness of this sgpin coupling as
compared to the Zeeman coupling, the field value introduced
in the calculation was taken as the average of the resonance
fields. In the final fit, we used the angular variations in the
three planesb, bc, andca of Figure 4 as well as the variations

in the planeba’ of Figure 5B witha" at 59.5 from c in the
planeca and the variations in another plane involvibgi.e.,

the planebc with ¢’ at 2@ from c in the planeca. Using the
resultant matrix elements of the tensgr least-square fits of

the angular variations in the plaa&’ of Figure 5A, now with

the orientation parameters as the fitting parameters, allowed us
to identify this plane as the one whose normal has direction
cosines £0.035;—0.537; 0.843) in the system of axaisc (with

a very close toa andb' at 32.5 from b in the planebc). In
Figures 4 and 5, fitted angular variations can be compared to
the experimental points or to the mean positions between the
points in the case of spirspin interaction splitting.

From diagonalization of thg? matrix, principal values and
principal directions of the tensa of one of two distinct EPR
sites were obtained in the system of asbs and are given in
Table 4. To get the other EPR site, we exchange the sign of
the direction cosines of absolute value 0.546. Single-crygstal
values (2.027, 1.930, 1.904) prove the rhombicity ofgtiensor
whereas the poor resolution of the powder EPR spectrum would
have led us to deduce only an axgglensor. Theg value 1.904
is too close to the value 1.930 for the usual signal observed for
the minimumg value to appear in the powder spectrum.

Analysis of Results

g Value Comparisons with Other Intrinsic [Fe,S]* of Spin
S=1/,. As ageneral rule, the spii®= %, found for [FaS;] "
cubanes in the ironsulfur proteins in frozen solutions belong
to the ‘g = 1.94" typelSthat is, systems having the intermediate
g value around 1.931.94, whilega,, the averageg, is somewhat
bigger, around 1.961.97. The higheg value is around 2.04
2.07, and the loweg value is around 1.881.91. Thus, the
spin under consideration withvalues 2.027, 1.930, and 1.904
andg,, = 1.954 conforms well to the type, even if the higher

the lines of two EPR sites are clearly observed and show no splittings 9 Value is at the lower limit. In (BN)s[FesSa(S-CsH4Br)d],

by spin—spin interactions. (BH parallel to the direction common to
the two planes’b’ andba’ of Figure 5, which is the direction oriented
at 134 to & in the planea’b’ and at 53 to b in the planeba’; the
lines of two EPR sites are observed, but the low-field line is split by
spin—spin interaction.

the other synthetic compound where a sBinr= Y/, is found
alone, the powdeg values are 2.05, 1.93, and 1.89 amgd =
1961

Generally, a spirS = Y, appears in the synthetic analogs
involving [F&sS«(SR)]3~ anions as the other part of a physical

are already sufficient to conclude that the EPR sites are mixture with a spinS= 3/,, and this is in particular systemati-

equivalent two by two foH along any direction and trgetensor

cally the case when the synthetic analogs are trapped in frozen
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Table 4. Principal Values and Principal Directions, V,, andV; of the g-Tensor for One EPR Site, and the Quasi-Orthogonal Axis Sets of
NormalsNj, N2, andN3 to Opposite Faces for the Four Cubane Sites

direction cosines with respect to

gvalues a b c angle (deg) with

2.027 Vi 0.838 0 0.546

1.930 Vs 0 1 0

1.904 Vs —0.546 0 0.838
N1 = F Fe(1)Fe(4)x Fe(2)Fe(3) 0.813 +0.171 0.557 10 Vi
N, = — Fe(1)Fe(2)x Fe(3)Fe(4) ¥0.133 0.985 ¥0.113 10 Vs
Ns = £Fe(1)Fe(3)x Fe(2)Fe(4) -0.574 +0.022 0.819 2 Vs
N1 = FFe(1)Fe(3)x Fe(2)Fe(4) 0.574 +0.022 0.819 22 Vi
N, = +Fe(1)Fe(2)x Fe(3)Fe(4) +0.133 0.985 F0.113 10 Vs
N3 = £Fe(1)Fe(4)x Fe(2)Fe(3) —0.813 +0.171 0.557 24.5 V3

2 The directions are given by their direction cosines in the axis sysfetn Two sets of normalf;, N2, andN; related by the 2-fold Laue
symmetry around are distinguishable by the opposite signs of the four small values of direction cosines. The angle of each normal with the
neighboring principal directioV1, V2, or Vs is specified.

g-Strain and Spin Variety in Frozen Solution. The signal
features for thes = 1/, spin of the cluster [F&4(SCHPh)]3~
are broader in the frozen solution spectrum than in the powder
spectrum as shown in Figure 7, despite the broadening by-spin
spin interaction of the individual lines of the powder spectrum;
thus, any rhombicity of the signal had even more reason to be
masked in frozen solution. It is interesting to note that an
apparent loss of resolution in frozen solution is also observed
for the corresponding = 3/, spin of the cluster [F£54(SCH-
. Ph)y]3~: the signal observed in thg= 5 region by Carney et
h | al. is broad and ill-resolved, like moreover all the other 5
450 signals of clusters of type [E84(SR)]3~ in frozen solution,
whereas the powder signal of the nonsolvated cluster
[FesSi(SCHPh)]3~ in theg = 5 region is very well resolved
(the powder signal can be seen in our Figure 3B). In the frozen
solutions of proteins, thg-strain, i.e., the distribution of the
real g values of aS= 1, spin or of the effectivey values of a
Kramers doublet of a spi8 > 1/, is a usual phenomenon that
results from the diversity of the surroundings experienced by
the paramagnetic center and leads to broadening of the dfgnal.
The effects of the multiplicity of the local environments on the
clusters [FgS4(SR)]3~ in frozen solution must also be found
in synthetic analogs. The loss of resolution observed for the
Figure 7. Comparison of _thé5= 1/, signals in the first derivative of signals of the spin§ = 1/, andS = 3/, of the synthetic cluster
o (ol oy ot e b 1 oty of  FRSASCHPI? inrozensolton as compared 0. poier
ELN PSP Good ). Wisouve emuency 520 %510 8 507 estan prenomencn 1 fofen soior,

GHz. Modulation amplitude is 0.5 mT, microwave power is 0.02 mW, . .
and temperature is about 7 K. Frozen solution/powder gain ratio is spins 'tse_lf would al_so have to re_SU|t from the variety of the
400. local environments in frozen solution. In fact, for the cluster
[FesSy(SCHPh)]3 of (EtuN)3[FesSi(SCH:Ph)], the two spins
solutions32 There is a priori no reason, no symmetry factor, g= 1/, andS= 3, both coexist in frozen solution without being
for the medium of frozen solutions to confer axial properties thermally connected whereas only one or the other of these two
more than in the single crystals, but we note that the EPR frozengpins exists when the local environment is unique, i.e., in their
solution spectra have all exhibited axial features forSie '/, respective single-crystal configurations. Because of the varia-
spins?® Indeed, for the frozen solution of the compound tions of the local environment, it is natural to postulate
(EtaN)s[FesSy(SCHPh)] in DMF, the spectrum of th&="> gistributions of parameters that act on the relative energies of
part of the [FeSy(SCHPh)]*" clusters presents analogy with  the low-lying spin states like, for instance, Heisenberg exchange
the “axial” powder spectrum (see Figure 7 where both signals (3) or double exchangeBj. Then the coexistence of the two
are compa_red). The spectrum of tBe= Y/, part for the frozen spinsS= Y, andS = 3/, might be explained by a distribution
DMF solution is associated with apparenvalues very close  of such parameters in two ranges; we note that other “discrete”
to those of the powder spectrum: 2.03 for the higher value and gjstributions of the effective factor that preserve the spin value
1.93 for the value at zero CI‘OSSIng of the intense feature from have already been introduced to explain the observation of
Table X of ref 10 (1.92 for the latter value from our Figure 7). multiple rhombicities, for instance, in spectra®= %/, dilute
We can suppose that the s{Br= /2 of [FesSy(SCHPh)]®" in Fet and Mre* in silicate glas®¥ and spectra ofS = %,
solution in DMF has in reality rhombig valu(les as in the crystal hemoproteins 08 = % iron—sulfur proteins in frozen solutiols.
and more gept_arally that the _other SpBs 7 of th? clusters (17) Hagen, W. R. InAdvanced EPR Applications in Biology and
[FesSu(SR)J® in frozen solution also have rhombigtensors Biochemistry Hoff, A. J., Ed.; Elsevier: Amsterdam, 1989; p 785,
in spite of apparent axial features. (18) Griscom, D. L.J. Non-Cryst. Solid498Q 40, 211.
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And, moreover, the mixture of spin states in frozen solution Fe directions, the bisectors between the normals. Two other
for the cluster [Fg54(SCHPh)]®~ is quite normal since the  spinsS= %/, of reduced cubanes characterized also by a large
change of the spin state of this cluster with the modification of ga,, the one namedl r found in they-irradiated single crystals
the single-crystal structure proves the sensitivity of the spin to of the synthetic compound () [FesS4(SCHPh)] (gay =

the environment. 1.993,g values of 2.087, 1.971, and 1.93%and the one found

The above propertiesthe loss of signal resolution and the N (EtuN)z[FesSy(S+-Bu)s] (gay = 1.987, unpublished results)
mixture of spins-appear systematically for the clusters also have the principal direction of maximugwvalue near a
[FesS4(SR)]3 of synthetic analogs trapped in frozen solution cubane normal, but for the two other directions only a situation
and would have to be systematically explained by the strains intermediate between (a) and (b). In the present work, the
provoked by the multiplicity of the local environments. solution A with the three principal directions within 16f the

Principal g Directions in Cubane Geometry. Given the nqrm_als is_ cIo.se to case (@). But the solution B with the
four, zero direction-cosines due to the alignmentefparallel principal direction of.maX|mung value over 20 away from a
to b, the EPR site of Table 4 has to be attributed to two normal cannot be rejected for all that,+sm(_:e aS|{n|Iar situation
crystallographic sites related by the 2-fold symmetry arolind \_NasEfo'iIJndeor thg éeCF?r?d typg of [‘&]d Szg'nMS =1 creat_?r(]j
apart from translation. There is no symmetry reason Why in ( |t4 )2[f 24321(3 1'_5 48)4] ag 1 gz;Te R 1 gcér;?\t/ﬁ.r’ wit
should coincide exactly with. Neighboring angular variations Igvr? ues.oll .'t' ’ I'th ﬂ,]an : i ‘m‘d_ll' 19 IS Spin
in a plane can appear to be fused if the EPR lines are broad, R as simuanties with the presen SpB 2
and thus a nondiagonal element lilg). is zero only within Resonance Delocalization Electron delocalization by reso-

a certain tolerance. But, we have seen that the presence of thdNce is considered to occur in mixed-valence sysgénis.
intense line in the planesb’ andba’ proves that the EPR sites as b_een introduced in addition to the I—_|e|senberg exihange
coincide and consequently thag),. is zero. We are aware of couplings for the 4Fe4S cubanes where ions #eand Fé

icf2l . 1 i
the very accidental nature of such a situation because even Jorrrflalllly colexllost. A resonance erlllergy tgrﬂlslB(S! + /22 WI”d
small @?)nc would have a strong influence on the orientation of act fully only between energetically equivalent iron sites
the principal directions/, and V3 associated wittg values I, an equivalence th_at_would generally_ have to result fr_om
particularly close to each other (1.930 and 1.904) symmetry. When this is the case, a mixed-valence localized

. . o air Fet—Fet is replaced by a mixed-valence delocalized pair
To insert the orthogonal set of principal directiovig, V>, P P y P

: . . &5t —Fe*5", which is associated with a-bonding orbital
andVs corresponding to the EPR site of Table 4 in the geometry directed across one face diagonal of the culFdhdhe cubane
of a cubane site, we compare these directions with a particular

) : > is completed by a second pair, either ferrousFd=€*" or ferric
axis set, the quasi-orthogonal axis set made up of the threeFeg,+_Feg+ depending on whether it is reduced &4+ or

normals to opposite faces of the pubMNg, andNs3 labeled oxidized [FaSj%". In the case of [F&* and [FaSi®"
by the numben of the nearest d!reCt'OW" For each of the created iny-irradiated single crystals of [E84]%T synthetic
two pairs of crystallographl_c sites related by 2-fold Laue compounds, we interpreted the fact that the principal direction
symmetry aroyndb, Ta_lble 4 gives the normal;, N, and N? of maximumg value was close to a normal to opposite faces
by their pllrectlon cosInes n the system of aved and their as the mark of some binary symmetry charaétérand we
ang_le ‘.N'th the c_orresp_ondln_g d'reCt'(M' In the case Of_ supposed that the mixed-valence pair orthogonal to this normal
attribution to the first pair of sites (solution A), one of whichis i, 5veq delocalization so that some equivalence of the irons
the cubane site whose geometry is given in the Supporting 55 realized? In the present case, the solution A, with
?rfolr(;ga(t)lfogﬁIthiodlrl%dg)r?gi i:#;[hae”g(\)/ﬁn‘gl‘;\:o”ﬁd ;?](;r;\lake deviating by only 10 from a normal, is in agreement with these
resgpectively.yTh;e a;ds sét4, Vo, and V3 isl,intzrmedisie Mtions: the .normal would then_ be Fg(l)Fe(A)
between the axis sefs;, Ny, and N3 of the two symmetry- Fe(2)Fe(3)and the mixed-valence delocalized pair would be
related cubanes. More precisely, the directigand the two Fe(1)Fe(4) or Fe(2)Fe(3). By contrast, the solution B, where
directions N3 differ very little and each of the two other the normal would be Fe(1)Fe(3) Fe(2)Fe(4)and the pair
directionsV; (i = 1, 2) practically bisect the respective angle \youid be Fe(1)Fe(3) or Fe(2)Fe(4), with, deviating by 22
(Ni, Ni’). On the other hand, if we compare with the other pair from this normal, does not really lie within these expectations.
of sites (solution B), the directiong,, V,, andV3 are further We recall that, envisaging aboveDag idealized symmetry for
from the normalsNy, N2, andNs, making angles of 22, 10 and  the FgS*, cubane with the 4axis in the Fe(1)Fe(2)x
24.3, respectively, with a less special geometrical arrangement =7 =7y 4o s . . . .
of the axis seVs, V, andVs as compared with the axis sets Fe(3)Fe(4)direction, we retained only a 2-fold idealized axis
N3, N2, andNj3 of the two cubanes. We cannot choose among  (19) Other spinsS = Y, of [FesSy]* cubanes have been found very
these two possible connections between ditensor and the Eggfgt('é&lﬁ-i_fg?gﬁﬁd(ﬁgl%z ggySEaISD ggttgrealsyrnﬁgggc Ejonrir:g?;rtgsﬂgh
CUbanes’ but It,ls |n.terest|ng to Cf)mpare them with th? results Fourier, Gr(-;noble, 1994). But the 'singular dissymet’ry of the geometry of
obtained aftel-irradiation of the diamagnetic [F&]?" oxida- the diamagnetic [F&4]2" core about one of the irons makes this case special
tion level. and in particular induces a larger rangegetnsors for the spin§= 1/, of
. . . . . . . the [FaSq]* clusters.

In single crystals involving the diamagnetic synthetic anions " (30) anderson, P. W. InMagnetism Rado, G. T., Suhl, H., Eds.:

[FesSy(SR)]?~ we had found, aftep-irradiation, several types  Academic Press: New York, 1963; Vol. 1, p 25.

of spin S = Y, associated with reduced [f&]* or oxidized o (21)ﬂ(ﬁ) ’\‘_OOd's/mag' '-'”Org-KC?(eméggadzg ﬂ},;t(t?) C"’I"”"fk' E.;

3+ : apaefthymiou, V.; Surerus, K. K.; Girerd, J.-J. al Clusters in
[FesS4°" cubanes, depending on whether the .Cluster4-[Fe Proteins Que, L., Jr., Ed.; ACS Symposium Series 372; American Chemical
S4(SRY]?~ had trapped or lost one electrdnThe spinS= 1/, Society: Washington, DC, 1988. (c) Noodleman,lhorg. Chem 1991
of the reduced cubane found in therradiated single crystals 30, 246. (d) Belinskii, M.Chem. Phys1993 173 27. _
of the synthetic compound (BN),[FesSi(SPh)] had g values (22) On the other hand, in the study of the magnetic interactions between

b the nickel center and one reduced{&4" cluster in the active form of the
of 2.090, 1.968, and 1.877 and thus a larggr= 1.9802° The metalloenzyme NiFe hydrogenase dbesulfaibrio gigas good simula-
principal direction of maximunyg value (2.090) was almost tions of the experimental multi-frequency EPR spectra are achieved only

parallel to a cubane normal, and there were two possibilities when it is the principal direction of intermediagevalue that is taken to be
! nearly perpendicular to both the mixed-valence pair and the ferrous pair

for the other two principal directions, either (a) almost parallel (gertrand, P.; Camensuli, P.; More, C.; Guigliarelli, B.Am. Chem. Soc.
to the two other normals or (b) almost parallel to a pair of Fe 1996 118 1426).
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in the Fe(l)Fe(4)x Fe(2)Fe(3)direction for the FFe,S*, g-tensors all very far (more than #0away from the structural
cluster. Solution B does not fit since the corresponding normal idealized symmetry axis whereas the sfin= /> has a real
is not involved. On the other hand, solution A is in full g-tensor relatively near axiality and a principal direction of
agreement since the corresponding normal is found to be themaximumg value close to the structural idealized symmetry

idealized 2-fold axis. . , axis (solution A).
To explain the presence of a ground spin stte ¥, rather Conclusion

than S = Y/ in reduced [FgS4* cubanes, Noodleman et al. ]
have introduced a second resonance that will produce electron _The crystal structure of the solvated synthetic compound
(EuN)3s[FesSs(SCHPh)]-DMF has been given. The environ-

delocalization between the ferrous pair?FeFe&" and the LA - !
mixed-valence localized pair Fe-Fe* and that is associated ~ Ment of the FgS unit is strongly modified as compared with
the case of the nonsolvated compound, and the conformation

with the energy term:B'(S + 1/,).21¢23 Such a resonance can ! , !
of the four terminal ligand branches GPh, well-ordered in

appear in the case of a cubane of high symmBtybecause ' !
the highest occupied molecular orbital associated with the the nonsolvated compound, becomes disordered in the solvated

compound. Differences in the geometry of the paramagnetic

ferrous pair is a FeFe 6*-antibonding orbital, whereas an : . : : :
FeySs units must explain the different spin states observed in

orbital like the excitetb*-antibonding orbital would have no " -
effect: consequently, the orbital mixing by symmetry lowering the two EPR studiesS = Y/, and S = 3, but systematic

will weaken the coupling paramet8t.2® Moreover, as in the  differences have not been found. _ _
case of the first resonance above, the tefi(S + 4,) will Powder EPR studies hav_e shown the progressive de§olvat|on
act fully only between energetically equivalent sites. Thus, of the solvqted compound in the glovebox, with its solid state
idealized high symmetry will be doubly required to get a ground transformation to the nonsolvated compound, and the disap-
spin stateS = 3,24 The geometries of the solvated and Pearance of spin coup!lngs in air W|t_h appearance of the EPR
nonsolvated compounds can be compared to check an eventua$ignature of the high spir= 9 of the irons F&". Differences
symmetry gain when we skip from the sg@n= /5 to the spin between the powder and frozen solution EPR spectra would
S=3,. For the SFe,S*; core itself, the differences between have as origin they-strain present in frozen solution, which
the S = Y, and theS = 3/, geometries are not significant. ~Must imply not only a distribution of for one spin value but
However, the important modifications that we have observed also multiple spin valuess =/, andS = %..

in the environment of the £e,S*, cluster from one compound The g-tensor of the solvated compound has been obtained
to the other are in keeping with such an evolution. We have from the single-crystal EPR study and its principal directions
found a disordered conformation of the terminal ligands and a Were found to be near the three normals to opposite faces of
rather irregular location of the nearest cations in the solvated the FaS, cubane. Resonance models for the spin couplings
compound, whereas in the nonsolvated compound the terminalléad to more symmetric structures = 3, spins as compared
ligands extend “parallel” to the normal to opposite faces of the t0 S= > spins, one result which is not reflected by tieensor
cubane Fe(1)Fe(3) Fe(2)Fe(4)the idealized 2-fold axis, and ~ data. Following these first two single-crystal EPR studies of

the four nearest cations are aligned with the four other faces. SPINSS = "2 andS= %, in the synthetic compounds {(R/)s-
In the case of the spi6 = 3/, of the nonsolvated compound, [FesS4(SR)], studies of other compounds in the family will be

the effective g-tensors of the two Kramers doublets were undertaken to broaden our view on these questions.

associated with a nonaxial zero field splitting tensor (rhombicity  acknowledgment. We are grateful to Dr. Ronald Cox for
A = 1/3) and thus did not conform to an idealized high symmetry. pe|nful comments and to Dr. Alain Hefrfer informing us about

Because the tensors might be particularly sensitive to a small yocumentation on glasses. We thank Mfr&d Desfonds and
symmetry lowering perturbation, the existence of the related p;r. 304 Moulin for technical assistance.

resonance could not be excluded for all that. However, we

arrive at a somewhat paradoxical situation where the Spin Supporting Information Available: A list of crystal data

3,, the one supposed to be derived from high symmetry, has aand experimental parameters (Table S1), positional parameters

maximum rhombicity and principal directions of the effective for the anion (Table S2) and for the cations and the solvate
_ . - . molecule (Table S3), anisotropic thermal parameters for the

Sy(kzei)‘ ,X?(Egl,egdé?’Alga’d%ﬁi% .:Dr'eﬁg;mﬂlé?ﬁ?r&? {ggrzg;a\r/‘(')cl. ng?’;'i%_ anion (Table S4), and figure of the anion (5 pages). See any

(24) As suggested by a referee for reducedi e clusters in the case  current masthead page for ordering information and Internet
of proteins, the low symmetry environment provided by the protein could access instructions.
be responsible for the fact that essenti@lky 1/, ground states are observed
experimentally. JA961396A




