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Carbon-13 solid-state NMR is used to determine, via the temperature dependence of paramagnetic shifts, the
spin ladder of magnetic levels and the related spin exchange parameters-i#RBFeclusters. This study

has been carried out between 180 and 330 K in three model compounds of the active sites-4% 4Fe
proteins: [(GDs)aN]2[FesSa(SPCD.CeDs)4], [(C2Hs)aN]o[FesSu(SC(CHy)a)4], and [(GHs)aN]2[FesSey(SC-

(CH3)3)4]. The temperature dependencies of both the isotropic and anisotropic parts'#t gh@ramagnetic

shift tensors have been measured and analyzed. Antiferromagnetic exchange coupling constants among iron
atoms of] & 430, 380, and 370 cr4 have been deduced from fits of their temperature dependencies. Additional
contributions of the double-exchange teBriavoring electronic delocalization and of/a) term associated

with the compression of the cubane geometry are also discussed. We also show that connections between
these measurements and those of magnetic susceptibility are especially close in the case of-éh8f4Fe

redox state.

I. Introduction In following Dobson et af:1% for 13C experiments, we have
considered three different contributions to line width specific
to paramagnetic molecules:

(i) Broadening of thé3C lines due to the strong coupling of

their spins with the electron spins.

Solid-state NMR is potentially an ideal tool for the study of
paramagnetism. However, until now, relatively few paramag-
netic molecules or materials have been studied by high-resolu-
tion solid-state NMR methods based on magic-angle spinnin . . N . '
(MAS) techniques-17 Focusing on paramagr?etic n?etalpcom-g (ii) Broadening due to the distribution of the internal fields

plexes, we should cite the studies on lanthanide acetates byassociated with the differ_ence in s_usceptibility betweef‘ the
Bryant et a3 and on copper dimers and trimers by Haw et powder and the surrounding gas (in our case, argon) in the

al45 that started in the 1980s. More recently, Dobson et al rotor>=1+1%19This contribution, discussed in some detail by

,10 i i i 1 -
studied rare-earth pyrochlore stanné&tésis well as lanthanide Dobsgr;oeztla?. an_d earheg n diamagnetic samples by Garro
acetated:10 way?10.2021 and Lippmad? is due to second-order effects

The scarcity of such studies is due to the presence of unpaireof".‘sf‘:‘.ocialteOI with the so-called anisotropic bulk magnetic suscep-
electrons inducing rapid nuclear relaxation via electronic t|b||_|_Fy éAB'\gS).Of tic]e s?m_ples. let ton d lina in all
relaxation. This leads most often to spectra having large line (”I)I roa etm_ng ue to m_comple € lpro cl)n (?fCOIth 'n?.c;n ?t
widths and to the existence of numerous rotational sidebands>aMP'esS containing organic molecules. 1n efiect, solid-state

arising from the (usually large) anisotropy of the hyperfine Proton NMR Iin_e vyidths are much larger in paramagnet?c
ISIng (usually large) ani Py yperh molecules than in diamagnetic ones due to dominant hyperfine

interactions. Therefore, even with high-power decoupling, these
interactions cannot usually be completely averaged out, leaving
relatively broad'3C lines.

Dobson et al® demonstrated in the compounds they studied
that the third contribution to the line widths is the strongest,
the ABMS contribution the second most powerful, and the rapid
electron relaxation the weakest. Therefore, to gain resolution
in the study of paramagnetic molecules, they proposed the use
of fully deuterated samples. The residual dipold€—2D
interactions are then quite efficiently averaged to zero by magic-
angle rotation.

In this article, our purpose is to show the importance of
similar high-resolution MAS=C solid-state NMR studies on a

interactions. These effects therefore translate into practical

difficulties with sensitivity and spectral resolution. This also
changes very significantly the experimental conditions with
respect to those used classically in diamagnetic samples.
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family of iron—sulfur complexes, the [4Fe4S] cluster cubanes.  TABLE 1: Interatomic Distances of )

These cubanes are of compelling interest in bioinorganic gggﬁ@g25%15()#(?(%”'_2'%6“?)?%:(8' HS)‘:FS |g?§||_'|2;9()1 ]t%%%g and
. . . H 2115)41N | 2 4 3)3)4.

chemistry since they constitute model compounds for the active [(CoHs)aN]o[Fe:Se(SC(CH))g] (111 &

sites of ubiquitous metalloproteif%.2° In these electron transfer

proteins, the basic cluster appears commonly in three different FeF Fg—SS* . oo e
redox states [4Fe4ST* (n = 1-3). The exchange coupling e—Fe (or Fe-Se*) e
between the high-spin iron atomS £ %, for Fe(Ill) and 2 for Iy ~2.776 A (x2) ~2.310 A (x8) ~2.251 A (x4) ~1.832 A (x4)

~2.732 A (x4) ~2.239 A (x4)

Fe(ll)) results in anS = 0 magnetic ground state for the

oxidation-state [4Fe4SF", anS= 1/, ground state for [4Fe I %I;% ﬁ gig g:g?i é gig 2254 A(<4)  1870A ()
4SP*, andS= 1, or ¥, for [AFe-4S}+, as established by EPR )| 2,817 A (x2) 2.417A(x8) 2.248A (x4) 1.985A (x4)
and Massbauer spectroscopies at low temperatures K). 2.812 A (x4) 2274A x4)

Solution-state NMR (essentially of protons) has been exten-  aThe expressionn” indicates the multiplicity (i.e.n) of equal (or
sively used to study these iremsulfur proteins and, more  nearly equal) bond distances. An asterisk (*) denotes the inorganic sulfur
specifically, the magnetic structure of their cubane active sites or selenium atoms [R&*] or [FesSe*].

(see, for instance, refs 281 and references therein). The main

source of information is measurements of temperature depen-complex. The first complex studied is [{8S)N]o[FesSs-
dence, albeit over the limited temperature rang8(( K) around (SCHCgHs)4] (1). Its relevance lies in the fact that it contains
room temperature, for the paramagnetic shifts oft@H, and CH; groups at the level of the thiolate ligands which constitute
a-CH protons of the cysteinyl residues binding the active site good analogues of th&CH, groups of cysteins in iroasulfur

of the cluster to the protein amino acid backbone. These shifts proteins. For sensitivity reasons, it was necessary to specifically
result from the hyperfine interactions between the unpaired enrich the CH groups of that compound with*C and,
electron spins and the nuclei under observation. They thereforemoreover, to prepare it in both fully deuteratéd)(and fully
reflect the electron spin distribution on the cluster and ligand protonatedI(y) forms. The second complex, [§85)sN12[FesSs-
atoms resulting from the contributions of both ground and (SC(CH)s)4] (I1), presents a structure of high4;) symmetry3*
excited spin states, populated according to the Boltzmann law. For this reason and also because it gives sharper lines than the
In contrast, with ENDOR (the high-resolution method adjunct previous one, studies were carried out at a natural abundance
to EPR most often used to measure hyperfine interaction tensorspf 1*C. Note that this compound allows paramagnetic shift
the iron—sulfur clusters are studied around liquid helium measurements of both the quaternaBu carbon (simulating
temperature to counter the very rapid increase of electronic the 8-CH, carbons of cysteins) and the terminal methyau
relaxation times with temperature. As a consequence, only thegroups (simulating the-CH carbons of cysteins). Finally, we
hyperfine interactions relative to the ground magnetic state are also studied [(€Hs)sN]2[FesSe(SC(CH)3)4] (11l ), @ homologue
probed. to the previous compound with its cubane (“inorganic”) sulfur

Oxidized ferredoxins or reduced high-potential (HiPIP) atoms substituted by selenium. Some of the relevant distances

proteins have their prosthetic site in the [4RESP* state with ~ Pertaining to compounds-Iil are presented in Table 1.
ground spin stat& = 0. Significant paramagnetic shifts of the ) )
B-CH, protons of the cysteins are still observed by NMR at !I- Experimental Section

room temperature due to hyperfine contributions from the 1 Preparation of [(CoHs)aN]o[FesSu(SRBCH2CeHs)a] (1)
populated first excited statésMagnetic susceptibility measure-  5g [(C2Ds)aN]2[FesSu(SBBCD,CeDs)4] (I p). The HS3CH,CeHs
ments in synthetic model compounds indicate for this state that iig| was prepared from 98% enrichédCOsBa following a
paramagnetism arises fromb0-70 K323 procedure involving five successive reactiéh¥he deuterated
Applying solid-state NMR to these clusters is interesting thiol HS!3CD,CsDs was prepared in the same way by using
because this method presents some specific advantages. Firsperdeuterated bromobenzene to form the labeled benzoic acid.
it allows for the measurement of paramagnetic shifts over a large LiAID 4 was used instead of LiAllito reduce benzyl benzoate
range of temperatures (150 K). This is essential to deriving to benzyl alcohol. Thehy andlp were prepared following the
accurately the spin coupling parameters and, thereby, the clusteklassical synthesis procedure of Christou and Gathkr.the
magnetic spin ladder. Second, in solution, molecular motion case oflp, we used (@Ds)4NI to introduce the counterion,
(such as the conformational and fluxional dynamics of the whose preparation is also described in ref 35. The purity and
ligands in the synthetic complexes or local dynamics in the integrity of the isotope enrichment of the samples were verified
protein in the vicinity of the prosthetic group) can lead to partial by standard solution NMR at each of the different steps of the
averaging of some shifts. In contrast, such movements only preparation of the ligands and of the complexes.
occur in solids in special cases. This allows direct comparison 2, Preparation of [(CoHs)aN]2[FesSi(SC(CHs)s)4] and
of the experimental results obtained in a well-defined and fixed [(C,Hs).N],[FesSe(SC(CHs)s)4]. Both compounds were pre-
geometry of the compound (known from the X-ray structure) pared following the classical synthesis procedure of Christou
with theoretical model calculations carried out for this geometry. and Garnep®
Finally, solid-state NMR gives access not only to the isotropic 3. Sglid-State NMR Methodology.The experiments were
shifts but also to the principal values of the shift tensor. carried out on a Bruker MSL 200 spectrometer. In a glovebox
Rather than the proteins themselves, we chose to start ourunder an argon atmosphere (1 ppm @j,@he polycrystalline
studies with synthetic model compounds due to the problems powder samples were packed in 7 mm zirconia rotors and tightly
of sensitivity and resolution discussed above. To begin with, closed with boron nitride caps. Variable-temperature experi-
the present article is devoted to the study of the 4&#8F" ments were carried out between 180 and 330 K using the VT-
state. This state has the simplest magnetic structure of the threet000 unit and the MAS-DB pneumatic uniC NMR shifts
and, therefore, the simplest ladder of magnetic levels. We are given with respect to TMS, whose peak position has been
present studies of two synthetic analogues of the {4 obtained with a static rotor filled with a mixture of TMS and
protein active sites and, in addition, a homologous [4&8e] acetonitrile. The temperature recorded at the level of the
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. . - Figure 2. Temperature dependence and best fits of the position of the
300 200 100 0 -100 isotropic'®C resonance peaks of the €@roups for [(GDs)sN]2[FesSs-
ppm (SHCD,CeDs)4] (Ip)- To relate these CHearbon atoms directly to those
. belonging to the cysteinyl ligands of the [4F4S] clusters, we followed
Figure 1. 50 MHz **C-MAS NMR spectrum of [(GDs)aN]o[FesS.- the same conventional labeling used for proteins by calling th&m *

(S3CD2CeDs)d] (1) at room temperature. (a) Complete spectrum with  (see also the caption of Table A in Supporting Information).
its rotational sidebands. In addition to the broad main peaks due to the

enrichedC of the thiolate CRgroups, small and sharp peaks appear. .
They are due to the natural abundancé6f atoms pertaining to the ~ SPECtrum obtained from a powder of 0s)aN]o[FesSu(S-

pheny! groups or to the counterions. (b) Enlarged view of the central, **CD2CeDs)4] (Ip) at room temperature. It is composed of a
“isotropic” group. Three peaks can be distinguished at 108, 101, and central “isotropic” group of poorly resolved lines (identified by
98 ppm, the latter line having an intensity roughly double that of the the fact that its position is independent of the rotor speed, see
two others. Figure 1), flanked by several rotational sidebands of similar
shape. A closer examination of this central group of lines (see
thermocouple of the MAS probe was calibrated (as a function Figure 1b) shows that it corresponds to the superposition of
of rotor speed) and corrected by using the temperature depen+yo lines centered alis, = 108 and 101 ppm with a third line
dence of the isotropic chemical shift measured ff8fRb-MAS of double intensity centered at 98 ppm. Individual line widths
spectra of Pb(Ng)..>" This lead compound was placed in & are ~250 Hz. Despite this broadening, the spectrum is easily
separate rotor and used as an external reference as it is Nopptained owing tdC enrichment and to the fact that we can

chemically compatible with our [4Fe4S] complexes. pulse and accumulate rapidly because Thealues are short
Several pulse sequences were used, depending on the sampi@.2, 3.6, and 4.1 ms for the three peaks, respectively). These
studied and whether the isotropic shifts of the differ&i@'s lines correspond to tH&C of the CI} groups of the four thiolate

or the principal components of their anisotropic tensors were Jigands surrounding the [4Fe4S] cluster, two of them corre-

to be primarily measured. Fox, we have tested the applicabil-  sponding to the line at 98 ppm. Relatively similar spectra can
ity of the classical CP-MAS sequence. Since Theelaxation be obtained fromy but with such a loss of resolution that the
times of the'3C in these paramagnetic samples (especially those three peaks mentioned above cannot be distinguished. This
of the -carbon adjacent to the sulfur thiolate atoms) are in the confirms the importance of using fully deuterated samples for

millisecond range while those of the correspondirgmight MAS studies of paramagnetic molecufég?!

be even shorter, the cross-polarization (CP) process between \ as spectra similar to those of Figure 1 have been recorded
'H and**C may be very inefficient. By measuring th signal for Ip sample as a function of temperature. As in Figure 1, three
as a function of the contact CP timeusing the CP-MAS  eqks with relative intensities 1:1:2 are again observed over
sequence, we have found this signal to be maximun fer the whole temperature range. The temperature dependence of

100 us with a rapid decrease after~ 500 us. Under these  neir positionsdis, is reported in Figure 2 (the corresponding
cond[tlons, no net gain in sensitivity can be obtalngd by cross gata are reported as Supporting Information in Table A). As
polarization from the protons to théC; rather, there is a10Ss  oynected, we observe that the shift values decrease when the
in sensitivity. Therefore, the 1D spectra used for the measure- e mperature decreases, i.e., when the populations of the para-
ment of the'C isotropic shifts of ; were obtained under Magic-  magnetic excited states of the ladder of magnetic states decrease.
angle rotation (MAS) between 2.5 and 4 kHz using/a **C Moreover, two carbon atoms remain equivalent throughout the
pulse followed by detection under strongy(~ 80 kHz) proton  temperature range, while the two others differ somewhat.
decoupling. Th? corresponding 1D spectraofvere obtained  yo\ever, the differences in the values of the shifts of the four
by a simplezr/2 1*C pulse and MAS, this last procedure being  ¢arhon atoms are small and can be related to the crystallographic

sufficient to average out thb?C—ZD_ dipolz_ar in’Feractions. To structure of that compound published by Averill ef#l
measure the components of the anisotropic shift tensors, we used In effect, this [4Fe-4S] cubane has nearly, but not exactly

21‘2Iizgt]r?)%licc—a:r?ilseott%girc]gS(r}/ilf?érs);elqnu?;li(s:e é/;(;lgln%\?v?grséaetéon Dog symmetry and exhibits a compresseq structure along an axis
rotations (between 0.5 and 1'5 KHz) were uséd resulting in perpendicular to two cubane faces. This last axis corresponds
spectra composed of.a large cbllection of rotationlal sidebands to a near, bu'.( not exack symmetry, as can be seen from the
thus optimizing the determination of the anisotropic compo- ’mteratc_)mlc_dlstances reported in Table 1. To a good degree of
nentsio approximation, the ke Ci(H>), and § atoms on one hand angl

: the Fe, Cy(Hy), and $ atoms on the other hand are located in
one common plane. The same holds true for thg Eg(H>),
and S atoms and the ReCy(H,), and S atoms, located in a
second plane perpendicular to the first one, both planes
1. Isotropic 13C Shifts. Figure 1 presents th&C-MAS intersecting around th&, axis. Actually, complete loss of

I1l. Results for the [(C 2D5)4N]2[F€4S4(813CD2C6D5)4]
Complex
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Figure 3. 2D *3C magic-angle turning correlation spectrum at room kHz

temperature between isotropic and anisotropic shifts fosHEEN] - ) ) ) ) o

[FesS4(SBCH,CeHs)4] (1n). (a) 2D map with isotropic shifts along the ~ Figure 4. Comparison between the anisotropic projection of the 2D

vertical axis and sideband powder spectra along the horizontal axis. ©°C correlation spectrum of the protonated ie)aN]o[FesSu(S-

The resonance peaks marked by a vertical arrow in that 2D map are :*CHzCsHs)a] (1n) with that obtained for the deuterated §T)aN]2-

due to the strongest sharp line-a® ppm observed in Figure 1. They  [Fe:S4(S"CD2CeDs)d] (Ip): (a) spectrum foty, (b) simulation forl,

probably correspond to the natural abundancé?®6f atoms in the (c) spectrum forlp, and (d) simulation foip.

terminal methyl groups of counterions. (b) 1D slow-spinning sideband

powder spectrum corresponding to the slice at 101 ppm of the 2D map. to the inhomogeneous broadening caused by th® dipolar
coupling. While it is therefore advantageous for the isotropic

symmetry (due to crystal packing effects) only appears clearly shift resolution to record MAS spectra in deuterated paramag-

at the level of the relative orientations of the terminal groups netic molecules rather than in the protonated ones, the reverse

of the benzyl thiolate, i.e., of their phenyl rings. This can be is true when measuring their anisotropic components (unless

expressed in terms of the F&—C(H,)—C(phenyl ring) dihedral the deuterium can be decoupled, which is neither easy nor

angles of each thiolate ligand. Referring to the atomic positions routinely available).

given in the crystallographic studytheir values are 20025C, Since we obtain useful 2D correlation spectra only Ifer
240, and 264 for the F@—Ss—C1—Cphenys the Fo—Ss—Co— which displays moreover unresolved isotropic peaks for the four
Cohenys the F&@—S;—C3—Cpnenyy and the Fg—Sg—Cs—Cphenyl different carbons, we obtained only average, and thus ap-

dihedral angles, respectively. Therefore, while the geometry of proximate, principal components,( o, o) for their anisotropic
the ligand conformations with respect to the= cluster is shifts. As their isotropic shifts are not far from equivalent, we

equivalent within 10 at the levels of g Cs, and G, it is quite can suppose that the same holds true for their anisotropic parts.
different at the level of € Since a symmetric [AFe4SE* state The relative order of magnitude of the principal components is
of Dyy symmetry can be represented as twoFe-Fe>5" defined by|oz — 0isol = |02 — Tisol = |01 — 0iso|]. We calculate

mixed-valence pairs perpendicular to tBeaxis3 we are led the anisotropy parameter= o3 — oiso as well as the asymmetry

to formulate the hypothesis that the two equival&iat atoms parametery = (o2 — o01)loiso by iterative fitting of the
resonating at 98 ppm at room temperature are thar@ G experimental spectra to simulations calculated with the analytical
atoms belonging to the thiolate ligated to sFand Fae, expressions of Herzfeld and Berdé+>In Figure 4b we show
respectively. This leaves the inequivalent &hd G atoms such a simulation corresponding to the best fit to the experi-
corresponding to the two peaks at 108 and 101 ppm (at this mental spectrum of Figure 4a. Taking the valuesxoéind

same temperature), respectively, without specifying which and adding a Gaussian broadening to the sideband envelope to
corresponds to which. crudely factor thel3C—2D dipolar interactions in the CD
2. Anisotropies of the!3C Shifts. 2D 13C correlation spectra ~ 9"0UPS, we obtained a similar simulation (shqwn in Figure 4d)
between isotropic and anisotropic shifts were obtained with the fr o, which may be compared with the experimental spectrum
of Figure 4c. In Figure 5, we report the temperature dependence

MAT sequencé®3°for Iy (cf. Figure 3). From slices extracted o .
along the anisotropic axis, we deduced the three componentsOf the three principal values of the four (tota®C shift tensors,

of the anisotropic shift tensors for tA&C of the thiolate Chi treated as equivalent, obtained from fits to a series of MAT

groups, each tensor being the sum of a diamagnetic chemica€XPeriments performed on the protonated compound.

shift tensorogia and a paramagnetic shift tensga, Compari-
son of such a trace (Figure 3b, reproduced in Figure 4a) with V. Results for the [(C2Hs)aN]2[FesSy(SC(CHs)s)s] and

the analogous trace obtained fgr (Figure 4c) shows that the [(C2Hs)aN]o[FesSe(SC(CHs)s)a] Complexes
deuterated sample exhibits an envelope of all the sidebands with The [(GHs)uN][FesSi(SC(CH)s)4] compound (1), as said
no distinctive feature of the shift anisotropy. This is attributed before, is especially interesting because its cluster is of high
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[ Figure 7. Temperature dependencies and best fits of the positions of
A0 oy the different isotropid®C resonance peaks for (a) Hifs)sN]2[FesSs-
0 50 100 150 200 250 300 (SC(CH)3)4] (II') and (b) [(GHs)aN][FesSe(SC(CH)s)a] (I11). To
T X relate the quaternary and methyl carbon atoms directly to those
Figure 5. Experimental points and estimated temperature dependenciesP€longing to the cysteinyl ligands of the [4F4S] clusters, we chose
(continuous lines) of the three principal values of the 8@ total to follow the same conventional labeling used for proteins by calling
shift tensors considered as equivalent for,H€)N].[FesSy(SECH,- them ‘8" and "o, respectively. Closed circles correspond to the

CeHs)4] (1) The continuous lines correspond to the three total com- fésonance peaks of tifeC anda-C of thet-Bu ligands, while open
ponents (diamagnetic chemical shift plus paramagnetic shift), while circles correspond to those of the methylene and methyl carbons of
the dotted lines correspond only to their crudely calculated paramagneticthe counterions.

shift contributions.

of 12) carbons named C(2) pertain to 2 different carbons
corresponding to each other by the plane of symmetry between
the (equivalentx andy axes of the crystal, while the 4 remaining
carbons (C(3)) are contained in this symmetry plane. The two
lines at 60.3 and 18.0 ppm are attributed to the eight methylene
atoms (labeled C(4)) and eight methyl carbon atoms (labeled
C(5a) and C(5b)) of the (ls)sN* counterions, respectively.

In the structure, the C(5a) and C(5b) positions refer to disordered
positions of their terminal methyl groups.

Concerning [(GHs)4N]2[FesSex(SC(CH)a)4] (I11'), we found
] its crystal symmetry to be also tetragoivé2m, isomorphic with

. . . . . . . . II. The most relevant distances are given in Table 1. On the
120 100 80 60 40 20 0 basis of Fe-Fe distances, this cubane can be described as nearly
ppm regular and only very faintly compressed along ¢teis, while
Figure 6. 50 MHz 13C-MAS NMR spectrum of the natural abundance jt appears more compressed when-Be distances are consid-
of [(CoHs)aN]o[FesSy(SC(CHy)s)q] (II') at room temperature. All the  gred. Thel3C spectrum under MAS and proton decoupling
unlabeled peaks correspond to rotational sidebands. appears to be very similar to that df, leading to identical
assignments of the different peaks.

Panels a and b of Figure 7 show the temperature dependence
of the different lines forll andlll , respectively (the corre-
sponding data are reported in Tables B1 and B2 in Supporting
Information). Several remarks can be made about these results.
First, it is interesting to notice that both types of carbons located
next to the thiolate sulfur have similar shift values, i.e., the C(1)
carbons inll, and the C(H) atoms in compound I. Their
temperature dependencies are also similar.

A second remark is that ih andlll , we never observe (over
the temperature range studied) two separate peaks of respective
intensities 8 and 4 for C(2) and C(3) but only a single narrow

symmetry3* The crystal symmetry is tetragoni2m, and the
cubane center is coincident with the center of symmetry of the
unit cell. The Fe-S distances are very similar to thosel pks
seen in Table 1. The cubane is compressed along tfaad

also ) axis, and it has exadd,q symmetry. This symmetry
also relates all the other atoms of the ligands and counterions
of the structure. Therefore, the spectrum under MAS and proton
decoupling of that compound, presented in Figure 6, is very
simple. Moreover, it is, in that case, easily obtained without
13C enrichment because it involves a small number of inequiva-

lent carbon atoms and also because its lines are shar@r ( resonance of intensity 12. This clearly indicates that the carbon
Hz) than those of. atoms of the terminal methyl groups of thBu thiolate ligands
Peaks are observed at 101.7, 64.5, and 18 ppm; a fourth,are all equivalent and, therefore, that tHBu’s of the thiolate
broader peak appears at 60.3 ppm, at the foot of the intenseligands are rotating rapidly at the present NMR time scale.
peak at 64.5 ppm. Their integrated intensities are in the ratio of Additionally, the singleness and sharpness of the line of the
1:3:2:2. The line at 101.7 ppm is thus attributed to the 4 terminal methyl groups of the tetraethylammonium counterions
quaternary carbon atoms of thdBu thiolate ligands labeled indicate that some movement (probably correlated to those of
C(1)2* and the line at 64.5 ppm is attributed to the 12 methyl the t-Bu groups) also exists at their level, rendering them
carbon atoms of these same ligands, thus respecting the 1:3 ratiocompletely equivalent. Therefore, these experiments clearly
In the published crystallographic structdfe possible positions  indicate that molecular movements exist in these two compounds
(labeled C(2) and C(3)) are actually given for these 3 methyl in the solid state. This fact may also explain the occurrence of
carbons. This is because, at the level of each ligand, the 8 (outhigh-crystalline and molecular symmetriefor Il andlll . This
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may also be related to the fact that the densityl ois lower one site to the other within a mixed-valence pair (see ref 52 for
(1.19p*than those of other typical [4FelS] synthetic analogues  further mathematical details).

(~1.40). The temperature variations of the peak associated with  The magnetic spin levels, of corresponding spin states
the (rotating) (C(2))+ (C(3)) carbons therefore constitute a |SMs[] are characterized by their energi€$S;2,%4,9 =
valuable model of the behavior expected for t#@ resonance (512,54, H|S12,S34, S computed after spin coupling, i.e., relying
of the corresponding-CH cystein carbons in proteins. Finally, on the following appropriate spin Hamiltonigtt

we should mention that in the spectrum of Figure 6 (and also L

in the spectrum ofll , not shown), we observe many fewer H= ZJ‘J S = ByViplio = BygVaTsy (2)
sidebands than in Figure 1 for This is certainly related to the =]

fact that the shift anisotropies are very appreciably averaged

by the movements in the crystal discussed above. This is why Where the constat; stands for the (super-) exchange coupling

we have not tried to measure and study the anisotropie$ for ~between spins§ and S. Additionally, synthetic model com-
andlll . pounds of the [4Fe4SP" state are known usually to display a

compression of the cubane along a direction perpendicular to
two iron pairs (chosen as FeFe, and Fg—Fg), rationalized
V. Interpretation and Discussion on theoretical groundd(see Table 1). As can be seen in Table
1, this is the case fdr, 1l , andlll . This distortion implies that
the geometrical arrangement of the iron ions departs from an
ideal tetrahedron (where all Fé&e distances are equal). Since
the four iron ions bear the same formal charge,+2.%his

In a paramagnetic molecule or complex, the chemical shift
of a given nucleus is given (in parts per million) by

O10{i) = Ogiai) + Opard) @) geometrical compression can be accounted for (as first-order)
by assuming thatJ;j = J for i,j = (13,14,23,24) whereak,
wheredgii(i) is the diamagnetic chemical shift adga{i) the = J+ AJipandJzs = J + AJss. This model provides us with

paramagnetic shift due to the hyperfine interaction between its analytical solutions to the Heisenberg part of the spin Hamil-
nuclear spin and the spin distribution of unpaired electrons. tonian. In effect, the energy levelXS;»,%:4,S) associated with
When clusters constituted by an assembly of monometallic this spin Hamiltonian are then given by

complexes are considered, it has been established, first in

dimerg748and thereafter in polymetallic complex€shat the J
hyperfine interactions (measured, for instance, by EPR or E(S12949 = 2 X
Mossbauer spectroscopy) and the ensuing NMR paramagnetic Ady, 1 1
shifts result from magnetic coupling among the monomer spins —S(S, 1)+ 812(512 + —) + 834(534 + —) (3)

are directly related via the spin coupling coefficigato the 2 2 2
(intrinsic) hyperfine interactions in these monomers. Moreover, It must be noted that at this level of approximation, we do
since these magnetic couplings generate ladders of magneticno,[Olistinguish among Pe—F&, F&*—Fe, and Fé+_|:’eg+
energy levels characterized by their spin states, the paramagneti%airs and the correspondin]gval’ues We ca{n finally seAdrs
shifts result from the contributions to the hyperfine interactions _ AJss= AJ andByp = Bas = Bin eq.4 for symmetry reasons
of all these levels, populated according to the Boltzmann law. 2. Expression of the Paramagnetic Shift for Ligand Nuclei '
We briefly address these elements in two following paragraphs, of F;olymetallic Clusters. Let us consider again #C nucleus

considering Fhe Special case of t_he [%]H cluster. i belonging to monomek (with metallic ion spinS) embedded
1. Theoretical Background: Spin Coupling Structure and  jn the polymetallic [4Fe-4S] cluster. The expression of the

Spin States of the [4.Fe48]2+ .Cluste.r. Thg [4Fe—4S]2+. paramagnetic chemical shifba.{i) is then given by

cubane formally contains two high-spin ferric and two high-

spin ferrous ions ofs = %/, and_2, respgcti_vel@‘? Mdossbauer - ZK;S(S"‘ 1)(2S+ 1) expE(S)/KT)

spectroscopy performed on this state indicates, however, that 0BBso(i)

the four iron ions are generally equivalent, thus carrying a 5para(i) =

common charge of 2:6 (refs 50 and 51). This is understood 9B,3KT (2S+ 1) expE(S)/KT)

as a consequence of full delocalization of each of the two six Z

d electrons of the ferrous ions over mixed-valence pairs (noted (4)

as “12” and “34"). Spin coupling of the different monomer C o i )

electron spins occurs through the interplay of exchange t#ms. Whereay, is the intrinsic hyperfine coupling constant of the

These are mainly of two sorts: the super-exchadgerms, 13C nucleus in the absence of spin coupling afdis a spin

which result in iron-sulfur clusters in antiferromagnetic ~ projection coefficient quantifying the projection of the local spin

coupling between the metal (or monomer) spins, and the double-S (of the monomek bearing the™*C nucleus) onto the total

exchangeB terms favoring resonance delocalization (and thus spin S of the system in the spin stat&2,54,S.] See refs 48

ferromagnetism) within mixed-valence pairs (see eq 2 below). and 54 for similar expressions derived in the context of solution

One describes therefore the spin coupling within the cubane in NMR. Numerically, the term in front of the temperature-

two steps, first by coupling the iron spins of the two pairs,(Fe ~ dependent ratio is 41831-‘20(i)lT, with a}‘so(i) in MHz, T in K,

Fe and Fe—Fe) with Y, < S15,S4 < 9,. Both pairs of spins  anddpa{i) in ppm. At this stage, each experimental curve can

are then coupled again to yield the total s@iof the cluster, be fitted by this model containing two adjustable parameters

with 0 < |S;2 — Sgl = S = S+ Sq < 9, yielding the spin daia(i) and aikso(i) in addition to the energetid’'s and B's

state|S1,S34,30 The pairwise delocalization process is accounted entering explicitly into the expression &S).

for in the spin Hamiltonia®? by double-exchange termB;. 3. Fits of the Temperature Variations of the Isotropic

andBsy, in conjunction with the operatohg;; and Va4 reproduc- Shifts. The J, AJ, andB terms are the energetically relevant

ing the correct spin dependence of this energetic gain and with parameters for a fitting procedure. An important issue in

the transfer operatoi, and Ts4 transferring the electron from  modeling the electronic and magnetic structure of this cluster

AJ,,
S+1)+ 7812(512 +1)+
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TABLE 2: Parameter Values Obtained for
[(C2Hs5)aN]2[FesSy(SCH2CeHs)4] (1),
[(C2Hs5)aN]2[FesSy(SC(CHa)s)4] (1), and )
[(C2Hs)aN][FesSe(SC(CHs)s)4] (I11) for the Different Types
of Fits Defined in the Tex#

fitla fitlb fit2a fit2b  fit3a fit 3b
compound
Jem?Y) 596 509 433 413 428 412
B(cm?l) - - 652 579 - -
AJ(cm?l) — - - - -139  —125
dda(ppm) 49.1 32 330 32 32.3 32
dda(ppm) 511 32 372 32 36.6 32
ddga(ppm) 49.9 32 36.7 32 36.2 32
as(MHz) 274 261 351 3.20 3.44 3.15
aso(MHz) 237 242 303 297 2.98 2.92
as(MHz) 225 229 288 281 2.83 2.77
erf 1.492 2597 1.322 1.556 1.320 1.551
compound|
Jem?l) 573 476 383 373 382 369
B(em?Y) — - 425 468 - -
Ad(cm?) - - - - 84 -93
ddia(ppm) 62.1 49 489 49 49.4 49
dda(ppm) 472 36 415 36 41.7 36
as(MHz) 159 153 174 170 1.66 1.62
as(MHz) 069 0.86. 075 0.95 0.72 0.91
erf 0.323 1.439 0.258 1.094 0.257 1.094
compoundll
J(em?) 568 410 373 295 365 290
B(cm?) - - 535 499 - -
AJ(cm?l) - - - - 112 —103
Odga(ppm) 81.8 49 674 49 66.3 49
dda(ppm) 56.3 36 491 36 48.5 36
aso(MHz) 1.41 163 169 1.64 1.64 1.58
as(MHz) 0.7.1 093 085 0093 0.83 0.90
erf 0.386 1.488 0.281 0.536 0.280 0.527

aFits “a” and “b” refer to unconstrained (resp. constrain@&g)values.
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derived from the fits of magnetic susceptibility curves measured
for (EuN)2[FesS(SPh)): 464 cnT?, again with al-only model3?
When left free, the values for thé&is(i) parameter generally
tend to be higher than those expected and measured in either
the liquid or solid phases (compare columns “fit 1a” and “fit
1b” in Table 2). Moreover, thé values are higher than those
obtained by constrainindyis(i). For constrained data, we finally
notice the regular drop dffrom 1 (509 cmv?) to Il (410 cn1?).

WhenB or AJ (fit 2 or 3) is introduced, drops to 296-413
cm1, almost irrespective of the fit used (2 or 3) for constrained
ddia(i), and to 365-433 cnt?! for unconstrainedgi(i). Again,

a progression toward smaller values is observed upon going
from | to Il . The diamagnetic shift values are now in much
better agreement with directly measured ones (exceptlfyr

B is found to be significant between 425 and 652 éniThe
same is true for the corresponding values in model 3, found
between—84 and—139 cnT?. To check the reliability of the
exchange parameter values determined from our fitting proce-
dure and also to test the sensitivity of the fits to the values of
the diamagnetic constants, we made the latter parameters vary
around their optimal values (48.9 and 41.5 ppm) Hor(see
Table C in Supporting Information) in fit 2. As can be seen, a
variation of+=10% for one or botlg, around the optimal value
leaves almost unchanged thealues §J/J ~ +£4%), whereas

B is much more sensitive)B/B < +21%).

Finally, the intrinsic hyperfine coupling constamﬂ‘gb(i) are
found between 2.8 and 3.2 MHz fgi-carbons inl, again
irrespective of the fit (2 or 3). Those hyperfine constants turn
out to be smaller in the case of bdthandlll —that is,~1.7
MHz for the quaternary carbon and0.8 MHz for the methyl
carbons.

As seen above, we have found that fitting procedure 2 yields

erf denotes the standard (i.e., in the mean-square sense) error funCt'Onpositive B values whereas fit 3 yields negativel values. In

both cases, this means that the ground state is made up of two

is the relative order of magnitude of these three different terms. mixed-valence iron pairs with maximum spiSs and S, i.e.

This has been thoroughly discussed in recent yea@f&and has
remained somewhat controversial.

One approacti®%-61considers that the double-exchange

the spins are ferromagnetically ordered within each pair, the
resulting spins of the two pairs being antiferromagnetically
coupled. The situation is very similar in the first excited states

terms are the leading factors responsible for the electronic which involve the large spinS,, and Sss. The ground state is

structures adopted by [4F4S] clusters B < 1000 cn1? for
iron—sulfur clusters). Extrapolating to this limit, we haBe>
|AJ| (the “limit” since AJ, necessarily non-zero when distortions
occur, would still intervene as a perturbation). We could
therefore analyze our experimental data by imposing ~ 0

to the first order while keeping andB as the only adjustable
parameters.

thus |%/,,%,,00) and the first excited state, separated from the
ground state by, turns out to bg®,,%>,10 The first excited
states whose energies are determined by eBl@arAJ are the
degenerate state¥,,’/>,10and |7/,,%,,10at B above the first
excited state|%,,%,,10for model 2 and at—4.5AJ above
%2,%,,1for model 3. We have represented in Figure 8 the spin-
state ladders obtained forfrom the Hamiltonian involving)

At the opposite limit, a second approach considers the pair andB (model 2) and] andAJ (model 3). A striking feature is

exchange terms of th@ and AJ as the most important, the

that both models yield the same spin-state ladder up2600

double-exchange mechanism being only present to delocalizecm!! Effectively, both models appear in practice to be

the electrons within the pairs (thus<0B < |AJ| with B a few
10 cnt! at most)?® We could therefore also fit the data at the
limit where B ~ 0 while keepingJ and AJ adjustable.

equivalent and experimentally indistinguishable since within the
range of temperatures considered, the levels above this limit
are virtually unpopulated and do not contribute significantly to

The two approaches are not visibly mutually exclusive, and the paramagnetic shifts. Below2000 cn1?, the identity of the
the best method probably lies somewhere between the two limitstwo spin ladders can be rationalized by settBig= —%,AJ.

(by necessityB = 0 since there is delocalization and, when
distortions occurAJ = 0). This is why we proceeded to the fit

Further justification and discussion of this “covariance effect”
between the two exchange parame®m@sndAJ in the [4Fe-

of our experimental curves using three models, referred to as4SF" cluster is reported in the Appendix. Note also from Figure

“fit 1” (B =0, AJ = 0, J-only model), “fit 2" (B = 0, AJ=0),
and “fit 3" (B = 0, AJ= 0).

8 that theJ values are much more precisely determined tBan
or AJ, the population of the first excited state contributing to

The results of the three kinds of fits are presented in Table the paramagnetic shift being much greater than those originating

2 for I—IIl .52 In fit 1, J is found between 410 and 509 cin

when thedgis(i) constants are constrained to their solid-state

experimental value of 32 pgif(see the column “fit 1b” in Table

from the two next (degenerate) excited states.

It is therefore important to notice that in the case of this 4Fe
4SP* cluster, these NMR experiments alone do not allow us to

2). This J value is in reasonably good agreement with that discriminate between models 2 and 3 because of the exact
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Figure 8. Magnetic spin ladders derived fbs using the §,B) model
(left) and the §,AJ) model (right). Note that only the lowest spin states
have been listed.

equivalence of the spin-state ladders wiBer= —9/,AJ. This
also means that any combination Bf and AJ, satisfying the
constraint thaB, — %,AJ, is constant (this constant beimgif
deduced from fit 2 or-4.5AJ if deduced from fit 3) will result

in the same energy level diagram up 42000 cntl. This
covariance betweel andAJ for the magnetic energy levels is
special to this [4Fe4SFT state. It does not exist in the cases
of the 1+ or 3+ redox states of the [4Fe4S] cluster, for which
the respective effects & andAJ can be clearly discriminated.

This motivated us to investigate this matter using the density
functional theory (DFT) and the broken symmetry (BS)
technique to estimate tt##AJ exchange coupling constants and
compare them t& (results unpublished). We briefly summarize
here our findings thus obtained. A ratihJ/J of ~17% is
predicted forl, against~10% for Il in agreement with the
greater or lesser compression observed in the cluster geometrie
B values are always computeda600 cnt. This yields the
4.5AJ//(B + 4.5AJ|) ratios of 0.31 fodll and 0.43 foil (being
aware of the fact that DFT-computet values are usually
overestimated by a factor 2).

4. Anisotropic Parts of the Chemical Shift Tensors of
Compound I. Let us now consider the anisotropic part of the
shift tensors and their temperature variation estimated for
reported in Figure 5. A serious problem is the separation of the

J. Phys. Chem. A, Vol. 104, No. 44, 2008097

A [4Fe—A4S] cluster can be viewed as an assembly of four
“FeS” monomers sharing some of their sulfur atoms. For a
given spin state, the integrated spin density of a mondaigr
simply given by the corresponding spin projection coefficient
K‘;. It has been established elsewltéthat this integrated spin
density is then distributed over the atoms composing each
monomer through spin delocalizatiothat is,~70% remaining
on the iron, whereas30% is (roughly speaking) shared equally
with the four coordinating sulfurs. A thiolate sulfur exhibits
therefore a spin density of roughly @(?4, whereas that of an
inorganic S* sulfur is the sum of three contributions from the
three adjacent iron sites. Moreover, taking the fmils as
equal /4 cf. section V-5) in all the levels of the ladder is a
reasonable approximation, since isotropi€ shifts are found
to be only slightly inequivalent. Thus, relying on the atomic
positions from the crystallographic structtfrand on the ladder
of energy levels of Figure 8, we could calculate the anisotropic
13C hyperfine interactions from the spin populations on the iron
and sulfur atom&®

The results of these calculations of the temperature depen-
dence of the three principal components of paramagnetic tensors
(dotted lines) are presented in Figure 5. Close to zero at low
temperature (th& = 0 ground state being diamagnetic), these
components keep increasing in magnitude in much the same
way as the isotropic shifts. To match these curves with the
experimental points, we have to add some temperature-
independent diamagnetic contribution to each component to get
the full tensor. We have chosen such values to obtain the best
fit of the total estimated tensor (continuous lines in Figure 5)
to the experimental points. This crude approach gives a roughly
axial diamagnetic shift tensor with the three estimated principal
components of+90, —45, and—45 ppm and yields a rather
satisfying quality of fit. We could not obtain more precise
information, especially on its principal directions, as the
experimental data are not sufficient for such a task. This ex-
plains the slight disagreement between the experimental points
and the continuous lines because, very probably, both hyper-

Sine and diamagnetic tensors do not possess the same principal

axes.

5. Connection with Magnetic Susceptibility Measurements.
There is a peculiar feature which can be exploited to simplify
the expression of the solid-state NMR shift in the special case
of the [4Fe-4SE*' cluster of (or close toD,g symmetry. In
effect, for all the spin statg$;,,Ss34,Sfor which S, = S4, the
four carbon atoms correspond to the same spin projection

diamagnetic tensor from the paramagnetic (hyperfine) tensor coefficientsK§ = %/, andk = 1—4 since

because their principal axes must be different. The main (and

useful) difference between both tensors is that the principal

components of the paramagnetic tensor must vary with tem-
perature, while it is reasonable to suppose that those of the

diamagnetic tensor do not vary much (since we have no
indication of appreciable movement of the ligandd)nThe
anisotropic hyperfine tensor results essentially from dipolar
contributions arising from the (thermalized) spin density
distribution over the [4Fe4S] cluster. In single-crystal proton
ENDOR studies, we have previously analyzed experimental
anisotropic hyperfine tensors using a multipole peidipole

approximation to deduce the ground-state spin density distribu-

tion in the oxidized® [4Fe—4SPF"™ and reducet [4Fe—4S]"
centers. In this solid-state NMR study of [4F4SPE" centers,
we will consider first the diamagnetic shift tensor as unknown

1_ 2 1S(S+1)+512(512+1)_%4(534+1)
sTsT2 25S+ 1)
K3 = K4 1 IS+ 1)+ S, S, + 1)~ SAS,+ 1)
ssT2 25(S+ 1)

(%)

Moreover, for those states with, = Sz, there is a systematic
energetic degeneracy between two states with permuted pair
spin values (of the typt5,$,9and|$,S, ) S = S). This is

due to the symmetry of the spin Hamiltonian itself (thaiAs; »

= AJzs andBy, = Bzy). For a givent3C nucleus belonging tk,

one finds in the numerator of the corresponding paramagnetic

and proceed to compute the anisotropic hyperfine tensors fromshift the two contributing terms (both multiplied by the common

the temperature-dependent spin density distribution.

factor of (S + 1)(2S + 1) expE(S/KT))
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KS +Kg =", (6)
There is therefore a formal contribution f for each of the
two degenerate states, asSf = Sy All Kg’s in eq 2 can
therefore be set formally t4,. Factorizing them out allows us
to write for each individuat*C nucleusi (with 3K = 1) as

g 2 SSH @S 1) expES/K

4 0,8, 12kT

" Z(zs+ 1) expE(S/KT)
(7)

At this stage, we must point out that the expression of the
(molar) paramagnetic susceptibility is very similar:

oy ZS(SJr 1)(2S+ 1) expE(S)/KT)

3kT

8)

Xpara—

Z(zs+ 1) exp(E(9/KT)

The prefactor of eq 8 is 0.5/in cgs units. There is therefore a

Crozet et al.

—139 cntl, in very good agreement. Despite recovering
compatible fit parameter values from both susceptibility and
solid-state NMR, the latter technique is more reliable than the
former in our view. In effect, there is no need for impurity
correction, whereas susceptibility samples without any impurity
are not easily prepared. Moreover, as already emphasized, fitting
NMR data yields knowledge not only of the magnetic energy
levels but also of the detailed structure of the spin states (through
Kg): If this distinction is not that spectacular for the [4Fe
4SP" redox state, it is indeed so for the corresponding reduced
cluster. Finally,3C solid-state NMR shifts and subsequent fits
yield additional information in the form of local terms such as
aiso and dgia, Which can be checked independently by other
techniques.

VI. Conclusions

We have demonstrated th&C solid-state NMR constitutes
a good method of determining the magnetic spin ladder off4Fe
4S] clusters and, therefore, an interesting tool for the reliable
estimation of the corresponding energetic paramefe, @nd
AJ) which describe their magnetic properties. We are confident

close analogy between the temperature dependence of magnetithat the present results are transposable to the proteins in the
susceptibility and that of solid-state NMR shifts. The main [4Fe-4SF* redox state; the parameters and the ladder of
difference between them lies in the absence or presence of themagnetic levels determined here constitute the basis for the

spin projection coefficienK'; This difference emphasizes the
fact that the solid-state NMR technique uses local prob#&s (
nuclei), whereas the susceptibility is a measure of the global
magnetization of the sample. This is the reason, apart from

interpretation of their magnetic properties. The published
(solution) NMR study of the ferredoxin dflostridium acidi

urici with two [4Fe—4S] cubane active sit&sallows for such

a comparison. The authors found there paramagnetic shifts of

differences in the experimental temperature ranges, that we cary5 & 15 ppm for theS-carbons §-C) of cysteines at 293 K

in principle derive (“global”) magnetization data from (“local”)
solid-state NMR data, whereas the reverse is not possible
without knowledge of local parameters such as the intrinsic
hyperfine coupling constants or diamagnetic constants. In this
way, it becomes clear why the (paramagnetic) NMR traces
seemed to be proportional to the susceptibility. Therefore, in
the very special case of a [4F4SF" cluster, each individual
NMR trace associated to each carbon nucleus is proportional
to the susceptibility Of course, as will be shown elsewhere,
this result does not hold for [4FetS[H3* clusters where the
information available is much richer than that from susceptibility
measurements.

It is now appropriate to fit anew the susceptibility data
published in the literature fd®? with a model including both
exchange and double-exchange terms because in no case is
fit based on a single) value satisfactory over the entire
temperature interval of measureméhte use for that the 12
experimental points given in Table XllII of ref 32 within the
temperature range of 538 K.

We used the following fit function:

(@8°S(S + 1)

3T ©

X=2mp T W + (1 = W)xpara

whereyp stands for the temperature-independent paramagneticf

term,w; measures the weight of&= 5/, impurity, andyparais
given in eq 8. As the published data have been already correcte
for impurity, we expect throughouwt; ~ 0 (as indeed found in
our fits). We thus obtaineghp ~ 52 x 1075 cgsu and) ~ 496
cm1 for fit 1 (J-only), whereas for fits 2 and 3, we founsglp

~ 42 x 1075 cgsu,J ~ 347 cnTl, B = 645 cnTl, andAJ ~
—145 cnr! (notice again thaB ~ —4.5AJ). We had from solid-
state NMR forl thatJ =~ 430 cn1?, B~ 652 cnTl, andAJ ~

(data corrected for the diamagnetic contribution). With its,CH
groups,l mimics the cysteing—CH,, and as it turns out, the
paramagnetic shifts that we measured by solid-state NMR are,
on averagegpardf-Cav ~ Otor(f-C)av — 32~ 77 £ 6 ppm at

295 K (cf. Table 1), in excellent agreement with the protein
data. The dispersion on these shift values for the different cystein
ligands is 2.5 times larger than for the thiolate groupk dhis
reflects the less symmetric environment of the cubanes in the
protein than in the model compound.

Moreover, it appears clearly from our experimental results
and from their subsequent theoretical analysis Bhiatas large
asJ. However, since it is only essentially determined by the
upper temperature range of tldgara temperature dependence
@.e., the upper part of the magnetic spin ladder) and because of
the covariance betwedd and AJ, it must be pointed out that
its determination is only approximate for this [4F¢SF+ case.
The importance oB has been further tested in similar solid-
state NMR studies of the [4Fe4STtt (S = 1/, and%/,) redox
state, which we recently concluded. It will be shown that no
covariance ambiguity exists for these two [4RST* spin
states. Moreover, the fitting parametappears for both spin
states in the energetics (cf. section V-1) as well as in wave
function coefficients. This double constraint offers a firm ground
or the determination of the value & (within the approxima-

C}ions set for the analysis of the solid-state NMR data).

VII. Appendix

To understand exactly the covariance betwBeand AJ in
[4Fe— 4SPT clusters, we consider the energy difference between
a generic spin statgs;,,$4,9Jand the ground staté/,,%,00
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E(512,534,S) - E(glzlglzvo) =
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due to the fact that the physical system for which we try to
reconstruct the spin-state ladder is obviously the same in both

+BAS,, +BAS;, fitting procedures. One may not therefore speak soundly of a
gS(S—i— 1X  AJ AJ “covariance” relation in such casésgxcept to indicate cor-
2 + ?ASQ(ASH —10)+ 7A534(A534 —10) related trends between parameters, in contrast to the exceptional

[4Fe—4SP" case detailed above for which such a behavior is
(AL) exactly followed experimentally by all the thermally accessible
states.
where AS; = %, — §; (i,j = 12,34). Notice that model 2
presents a linear variation of the energies in the spin [&jrs Acknowledgment. The authors thank Mrs. Marya Desfonds
(i.e.,BAS;), whereas model 3 exhibits a quadratic variation (i.e., for the preparation of the seleniated compoutd and Dr.
(AJI2)AS j(AS — 10)). One thus expects a non-zero value of Jacques Rmut for the crystallographic parameters of this
ASj (the caseAS; = 0 being trivial) for which the two compound.
contributions are equal (this is analogous to saying that a straight
line and a parabolic curve can cross at no more than two points).
Therefore, wheiB is equated withAJ/2)(AS; — 10), it becomes
clear that within the subset of stati,,S4,Sdefined byAS; resonance peaks and a test of the reliability of the exchange
= 1 (i.e., Si2 and/or S4 = /), the two model-dependent  parameters of fit 2. This material is available free of charge via
energetic contributions become exactly equal under the numer-the Internet at http://pubs.acs.org.
ical condition
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