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The cofactor (M-center) of the MoFe protein of nitrogenase, a MoFe;Sg:homocitrate cluster, contains six Fe sites
with a (distorted) trigonal sulfido coordination. These sites exhibit unusually small quadrupole splittings, AEq ~ 0.7
mm/s, and isomer shifts, 6 ~ 0.41 mm/s. Méssbauer and ENDOR studies have provided the magnetic hyperfine
tensors of all iron sites in the S = 3/, state MN. To assess the intrinsic zero-field splittings and hyperfine parameters
of the cofactor sites, we have studied with Mosshauer spectroscopy two salts of the three-coordinated Fe' thiolate
complex [Fe(SR)s]~ (R = CgH,-2,4,6-tBus). One of the salts, [Ph4P][Fe(SR)s]-2MeCN-C;Hg, 1, has a planar geometry
with idealized Cz, symmetry. This S = 2 complex has an axial zero-field splitting with D = +10.2 cm~. The
magnetic hyperfine tensor components A, = Ay = =7.5 MHz and A, = —29.5 MHz reflect an orbital ground state
with d,2 symmetry. Aiso = (Ax +Ay +A,)I3 = —14.9 MHz, which includes the contact interaction (P = —21.9 MHz)
and an orbital contribution (+7 MHz), which is substantially smaller than A, ~ —22 MHz of the tetrahedral
Fe''(S-R), sites of both rubredoxin and [PPhy];[Fe"(SPh)4]. The largest component of the electric field gradient
(EFG) tensor is negative, as expected for a d,2 orbital. However, AEq = —0.83 mm/s, which is smaller than
expected for a high-spin ferrous site. This reduction can be attributed to a ligand contribution, which in planar
complexes provides a large positive EFG component perpendicular to the ligand plane. The isomer shift of 1, 6 =
0.56 mm/s, approaches the o-values reported for the six trigonal cofactor sites. The parameters of 1 and their
importance for the cofactor cluster of nitrogenase are discussed.

Introduction Chart 1

Iron sulfur clusters are found in all living organisms. The
vast majority of clusters contain H&€'" sites with tetrahe-
dral cysteinyl/sulfido coordinatioh.The sole exception is
the cofactor (M-center) of the MoFe protein of nitrogenase,
Chart 1, a MoFgg:homocitrate cluster containing six Fe
sites with distorted, trigonal sulfido coordination and one
Fe site, bound to Cys275, with tetrahedral KESS)

*To whom correspondence should be addressed. E-mail: em40@
andrew.cmu.edu. Fax: (412) 268-1061. . . .
t Carnegie Mellon University. coordinatior? The cofactor cluster of nitrogenase has been
* Institute of Materials Science, NCSR “Demokritos”, and University of  studied with a Variety of spectroscopic techniques’ inc|uding

loanninna. "
s University of California, Mossbauer spectroscopyBecause the clusters from the

(1) (a) Beinert, H.; Holm, R. H.; Mack, E.Sciencel997, 277, 653. (b)
Cammack, RAdv. Inorg. Chem1992 38, 281. (2) Howard, J. B.; Rees, D. @hem. Re. 1996 96, 2965.
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various organisms have nearly the samésbtmuer param-

eters, we quote here the parameters obtained for the MoFe

protein from Azotobacter vinelandii, the protein most
extensively studied.The trigonal sites of thé. vinelandii
cluster haveAEq = 0.70 mm/s (independent of temperature)
ando = 0.41 mm/s (at 4.2 K relative to Fe metal at room
temperature). Recent analyses of Q-band ENDOR daizh
Mossbauer datapbtained for MoFe protein where only the
M-center (but not the R&; P-cluster) was enriched with the
Mossbauer isotopé’Fe, suggest that the majorityif not
all,® of the trigonal sites are high-spin ferrous. Given that a
three-coordinate site should yield a high-spi® € 2)
configuration, the small quadrupole splittings have been
puzzling. Moreover, for high-spin ferrous sites, the isomer
shifts are also remarkably smélFinally, while the effective
magnetic hyperfine tensorg,, of all iron sites have been
determined by Mesbauer and ENDOR spectroscopy, we do
not know the intrinsicA-values for a ferrous or ferric site
with trigonal sulfido coordination. The lack of intrinsic
A-values for such sites is a strong impediment for testing
spin-coupling models for thg& = 3/, state of the M-center.

In 1995, Power, Holm, and co-workérpublished the
synthesis and structure of the trigonal planal Egolate
complex, [Fe(SR] ™ (R = C¢H»-2,4,6-tBy), which has been
crystallized as two salts. The Fe site of [PliFe(SR)]-
2MeCNC7Hg, 1, exhibits a slightly distorted planar geometry
with idealizedCs, symmetry; the SFe—S bond angles range
from 116.6 to 121.9, and the FeS distances average
2.274(7) A. Complex exhibitsAEg = 0.81 mm/s and =
0.57 mm/g and thus has parameters reminiscent of the

Apsorption (%)

Velocity (mm/s)

Figure 1. Mdssbauer spectra of polycrystallingA, 4.2K) and2 (B, 80

K) recorded in zero field. The solid lines are spectral simulations using the
parameters listed in Table 1. (Lorentzian line width of 0.27 mm/s (fwhm)
for 1 and 0.32 mm/s foR).

that produces a negative and axial quadrupole splitting. The
small EFG of1 results from a strong ligand contribution
from the planar ligand system, which opposes the valence
contribution of the ¢ ground state.

Materials and Methods

Complexesl and 2, extremely air and moisture sensitive
crystalline solids, were prepared as described previdushd
handled under anaerobic and anhydrous conditions. The authenticity
of 1 and2 were verified by checking the cell constants of crystalline

trigonal cofactor sites. Its room-temperature moment is 5.05 sagmples. Good combustion analysis data were difficult to obtain

Bohr magnetons, indicative of &= 2 site. The second
salt, [Li(THF),Fe(SR})]-¥/,CsH14, 2, also has a near planar
trigonal environment at the iron. The axial symmetry,
however, is significantly distorted by a lithium ion bridging
two of the thiolato sulfurs; the resulting-%e—S angles are
92.2, 123.2, and 141.7.7 Moreover, the two FeS

distances that involve the bridged sulfurs average 2.325(10

A and are significantly longer than the nonbridging+%
bond of 2.259(4) A.

In this manuscript, we report a comprehensivesstmauer
investigation of high-spin ferrou$ and 2, from which we
have extracted zero-field splittings (ZF®ktensors, isomer

owing to desolvation of the crystals upon pumping under vacuum.
The samples were fixed in the 'sbauer cuvettes by stirring
the polycrystalline powders into degassed paraffin.shbmuer
spectra were recorded in two spectrometers that allowed variation
of the temperature between 1.5 and 200 K in parallel applied
magnetic fields up to 8.0 T. The spectra were analyzed using the

)software WMOSS (WEB Research Co., Edina, MN).

Results

Figure 1A shows a Mssbauer spectrum of a polycrys-
talline sample ofl recorded at 4.2 K in the absence of an
applied magnetic field. The spectrum consists of a doublet

shifts, and electric field gradient (EFG) tensors. The isotropic with quadrupole splitting\Eq = 0.83(2) mm/s and isomer

portion of theA-tensors A, Of 1 and2 were found to be
substantially smaller than those & = 2 tetrahedral
tetrathiolate complexes. The ground statd «f a dz orbital

(3) Burgess, B. KChem. Re. 1990 90, 1377.

(4) Yoo, S. J.; Angove, H. C.; Papaefthymiou, V.; Burgess, B. K.nbky
E.J. Am. Chem. So200Q 122, 4926.

(5) Lee, H.-l.; Hales, B. J.; Hoffman, B. Ml. Am. Chem. Sod 997,
119 11395.

(6) Isomer shifts of octahedral Fsites with N/O coordination hau®~
+1.15-1.30 mm/s, whereas high-spin ferrous' {2R), sites exhibit

shift 6 = 0.56(2) mm/sAEq was found to be independent
of temperature up to 150 K. Within the uncertainties, these
values agree witlAEq = 0.81 mm/s andd = 0.57 mm/s
reported by MacDonnell and co-workerddowever, the
sample contains an unknown contaminant, which appears
as a quadrupole doublet withEq ~ 1.2 mm/s and ~ 0.4
mm/s above 20 K (not shown). This contaminant accounts
for ~9% of the Fe in the sample and is paramagnetic,
contributing at 4.2 K to broad unresolved features that extend

0 values around 0.70 mm/s. Isomer shifts decrease with decreasing gver a 12-15 mm/s velocity range. Because the absorption

coordination number; thus, the lotvvalues of the trigonal cofactor

sites did not appear that unusual after the X-ray structure became

available. However, there is still a paucity of ‘B&bauer parameters
of three-coordinate Fe complexes.

(7) MacDonnell, F. M.; Ruhlandt-Senge, K.; Ellison, J. J.; Holm, R. H;
Power, P. Plnorg. Chem.1995 34, 1815.

of this contaminant is spread out, it does not interfere with
the analysis of the low-temperature spectral.of

We have recorded 4.2 K spectra in parallel applied fields
upto 8.0T,al5Kspectrumat3.0T, and 8.0 T spectra at
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Table 1. Mossbauer Parameters for Compledeand 22

ISK/SOT ‘ 1 2

D (cm™) 10.2(5) 14(3)
IZ.O% E/D 0 0.25
6 (mm/s) 0.56(1) 0.60(1)
AEg (mm/s) —0.83(2) —0.87(2)
n 0 0.93(7)
oerc (deg) 0 40
T Ax (MHz) —7.5(4) -3.9
3 | 42K/8.0T Ay (MH2) —7.5(4) +4.9
E 5 0% A; (MHz) —29.5(14) —36(4)
2 e Aiso (MHZ) -14.9 -11.8
] aa (deg) 0 60
2 I
< | 42K/5.0T

aThe numbers in parentheses give estimated uncertainties of the last
significant digits.® A and Ay of 2 depend on the choice @ and on the
rotation of the EFG ané-tensor around the electrorieaxis (anglesierc
and aa). However, the magnitude of bo# and A, are smaller than 5
MHz.

42K /30T
independent oD and E, and by measurin@®;, at higher
temperatures, the principal components of Axensor can
be estimated. At 4.2 KBiy depends linearly oA and
; . ; ; inversely onD, except at high fields, wher&approaches
velocity (mms) saturation. Thus, by estimating thetensor components at
. ) . _ . higher temperatures, the magnitudedo€an be determined
Figure 2. Méssbauer spectra df recorded in parallel applied magnetic . .. o . h
fields and at temperatures indicated. The solid lines are spectral simulations@l 4.2 K with gOOd preC|S|on:_I£10 /0)- Fma.”y' fat 35K, the
based on eq 1 using the parameters listed in Table 1. z-component,[$,l4, has a sizable contribution from the

) . Ms = —1 level, providing for an accurate determination
35, 50, 100, and 150 K; representative spectra are shown iNof A

Figure 2. The specira shown in Figure 2 exhibit paramagnetic The solid lines in Figure 2 are computer simulations based

hyperfine structure that depends both on the applied field on eq 1. After obtaining approximate values for all param-

and the temperature. We_ have e_mal)_/zed the spectra in theeters, we have simultaneously least-squares fit groups of four
framework of theS = 2 spin Hamiltonian.

spectra. The parameters obtained are listed in Table 1. We
H=[D(S2-2)+E(S2 - Syz)] i have exploreq both_ the axial and rhombic cases but found
that abandoning axial symmetry only marginally improved
BS'g-B+ SA-l +Hy— 98,81 (1) the fits. The essential results are as follows: The largest
component of the electric field gradient (EFG) tensor is
negative, suggesting an orbital ground stateofyimmetry.
eQv,, ) X A and A, are rather small compared #g, leading to the
Ho=— 31,7 — 15/4+ 50,2 =17 2 relatively small splittings observed in the data of Figure 2.
Mdossbauer spectra of the lithium salt, are shown in
In egs 1 and 2, all symbols have their conventional meanings.Figures 1B and 3. Similar t&, the polycrystalline sample
Our analysis suggests that the electronic spin relaxesof 2 also contains a minor contaminant that can be recognized
slowly at 4.2 K and fast fol > 30 K. The major spectral  in the 4.2 K spectra, where it produces a shallow absorption
features are determined by the internal magnetic field extending from—5 mm/s to+5 mm/s Doppler velocity. The
Bine = —[BLA/gyBn where [Bis the expectation value of  presence of the contaminant is also indicated by some
the electronic spin. The field dependence of thésktmuer absorption at—0.3 mm/s and+2.2 mm/s in the 80 K
spectra readily establishes that the zero-field splitting pa- spectrum of Figure 1B. In general, the fits for the spectra of
rameterD is positive and roughly 10 cnd. We also expect 2 are of lower quality than those of compléxin particular,
from the near trigonal symmetry that the rhombic ZFS even after abandoning rhombic symmetry, we have not been
parametelE is approximately zero. Thus, thds = 0 spin able to model the peak at+1.1 mm/s Doppler velocity in
level is the ground state. This level produces in zero field the 3.0, 6.0, and 8.0 T low temperature spectra. Moreover,
1= [2,00)§2,000= 0, where we used the standgd&Ms> the high-energy shoulder in these spectra is not simulated
nomenclature. Fdb ~ 10 cn1?, the applied field mixes the  well. (The sloping high-energy features are likely caused by
Ms = £1 levels into the ground state, yielding finite a distribution ofD. Because the orbital contribution to the
expectation values fal,and[$,[{ca.— 1.8 at 8.0 T) while magnetic hyperfine tensor is correlated@o see later A,
[S.[remains near zero. Hence, the low-temperature data areand A, would also be distributed, contributing to the
sensitive toD, Ay, andAy. At higher temperaturesghas
to be thermally averaged over all accessible spin levels, (8) Kauffmann, K. E.; Muck, E. InSpectroscopic Methods in Bioinor-
denotedS$(y. ForkT>> D, the thermally averaged spin obeys ganic ChemistrySolomon, E. I., Hodgson, K., Eds.; ACS Symposium

- < ) . Series 692; American Chemical Society: Washington, DC, 1998; p
the Curie law? Under these conditiongBly, is essentially 16.

with
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previous section, most, if not all, of the trigonal sites are
suspected to be high-spin ferrous, and thus, it has been
surprising that the observed quadrupole splittings for these
L0% sites are~0.7 mm/s rather than 2:53.5 mm/s as expected
for typical high-spin ferrous, tetrahedral sites. Finally, for a
‘ more detailed analysis of the spin coupling, one has to know
the magnitude of the zero-field splittings. Because the ZFS
tensors of the individual iron sites do not commute with the
exchange interactions, the zero-field splitting terms can mix
spin multiplets leading to substantially altered magnetic
hyperfine interaction&!f such mixing remains unrecognized,
substantial errors are introduced into the spin coupling
analysis. In the following, we address these questions.
As pointed out in the Results sectiodEq of 1 is
! independent of temperature between 4.2 and 150 K, indicat-
ing that the electronic ground state is an isolated orbital
singleti® In Ca, symmetry, the d-orbitals split into a singlet
! (AL,d,) and two orbital doublets (EE"). Thus, the orbital
ground state ol has ¢ symmetry, where is perpendicular
to the plane of the three sulfur atoms coordinated to the iron.
Because the system has an isolated orbital ground state and
R the S= 2 spin multiplet does not exhibit excessively large
velocity (mmy/s) zero-field splittings P ~ 10 cnT?), the ZFS,g-, and
Figure 3. Méssbauer spectra @fin parallel applied magnetic fields and ~ A-t€nsors can be analyzed with a spin Hamiltonian derived
temperatures indicated. The solid lines are spectral simulations base on edgy treating spir-orbit coupling ¢L-S), the electronic
1 using the parameters listed in Table 1. Zeeman interactions, and the magnetic hyperfine term in
perturbation up to second order (see eq 19.32 of ref 12).
¥or the present axial case, this treatment yields the following
expressions:

150K / 8.0T

42K /8.0T

42K /6.0T

Absorption (%)

49K/ 3.0T

42K/1.0T

[o%)
[
[
—_
[\
(o83

spreading of the absorption features.) Because the symmetr
of 2 is low, we have allowed thA-tensor and EFG tensor
to be rotated relative to the ZFS tensor. Howe&has

idealizedCs symmetry, and thus, all tensors must have one D = 312/A 3)
principal axis normal to the reflection plane. Therefore, for
the final fits, the rotations were confined ta:rc and aa wherei = —103 cntl is the spir-orbit coupling constant

around thez-axis. Although the simulations shown in Figure ¢ the free F& ion andA is the energy difference between

3 are far from perfect, the essential features are all repre-ye & ground state and the degenerate pair of (t}) levels.
sented. The values of some parameters were quite robusfg theg-tensor, we obtain the expressions

under the various fitting procedures. For instanbewas

generally found to be in the range of 11 to 16 ¢mrFrom g,= 2.00 andy, = g, — 3M/A 4
the 8.0 T spectrum recorded at 1504¢,— —36 + 4 MHz

was determined. The magnitudes of b@thand A, were and using eq 3

found to be below 5 MHz, andy was always positive.

Becaused, andA, are small, the spectra are not very sensitive 0;=2(1—Dlk) (5)
to the value ofE/D (which controls the spin expectation

values in thexy plane); theE/D value can readily be changed The components of thA-tensor are given by

provided it is compensated for by readjustment Af

andA,. A,=—kP — (1 — B)PI7~ —«P — PI7 (6)
Discussion (9) (a) Sage, J. T.; Xia, Y.-M.; Debrunner, P. G.; Keough, D. T.; DeJersey
J.; Zerner, BJ. Am. Chem. Sod989 111, 7239. (b) Fox, B. G.;
The goal of the present work was to study the zero-field Hendrich, M. P.; Surerus, K. K.; Andersson, K. K.; Froland, W. A.;
L . . . . Lipscomb, J. D.; Muack, E.J. Am. Chem. S0d.993 115 3688. (c)
Spllttlngs and the hY_per_ﬂne interactions of a cqmplex W'th Bencini A.; Gatteschi D EPR of Exchanged Coupled Systems
trigonal sulfur coordination. The study of these interactions Springer-Verlag: New York, 1990.

: : : ; (10) This argument is a bit simplistic but correct when the ZFS parameters
is of partICU|ar interest because of the (near) trlgonal are also taken into account. We have shown recErthat an isolated

coordination observed for six Fe sites of the nitrogenase singlet results for an orbitally degenerate case by action of-spin

M-center. Without knowledge about the intringlevalues, ?ibg ?Ugg”gh;?iz %birtﬂ'yaftiﬁ%eggrfgfg case %;tet:gs e;gt%gretrr?aerl]ytlﬁ;ge
it is extremely difficult to construct spin coupling schemes positive D observed her&g PIEINg

that elucidate the electronic structure of the M-center in the (11) I_Anclllvlrtgs, E.;EBganaagrl]E. L';ssr%hdz?i’gi I;gli%rt, N. A.; Holland, P.
_ 3 H H H : H o unck, e.J. Am. em. S0 3 .

S= " state M‘,. the StaFe mtenswely studied Wl_th a Va”e_ty (12) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of

of spectroscopic techniques. Moreover, as pointed out in @  Transition lons Dover Publications: New York, 1986.
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exchange-coupled clusters. Thus, considering the lack of
other model systemg\s, ~ —15 MHz (or even a slightly
smaller value, see later) might be an appropriate value
representing the intrinsiA-values of the trigonal Pesites
of the M-center. It is noteworthy that whil8s, of 1 is
comparable td\s, ~ —16.6 MHz deduced for the Fesites
of [2Fe—-2ST* clusters (see Table 5 of ref 18), it is
substantially smaller thaf, = —21.6 MHz of tetrahedral
Fe' sites of rubredoxin and its model complex&&’ The
complex [PPH;[Fe€'(SPh)] has proven to be an excellent
model for the electronic structure of the''Fste of reduced
rubredoxin. Recently, th@-values of this complex were
determined by high-frequency EFRUsing theseg-values
and recent rubredoxin Msbauer data obtained in our
laboratory, we obtaif® = 63 MHz. The small value oP
obtained forl indicates a more covalent site than observed
in Fé'(thiolato), complexes. Although this suggestion has
still to be explored with appropriate quantum chemical
calculations (which unfortunately do not yield good values
for Acontac), it Should be noted thdt does have substantially
shorter Fe-S bonds (average 2.27 A) than the'Fite of
rubredoxin (average 2.36 &j.For comparison, the average
Fe—S distance for the trigonal M-center sites is 2.24 A as
inferred from the 1.6 A data of thKlebsiella pneumonie
protein?é

The zero-field splitting parameter @f D = 10.2 cn?, is
quite large, and if this value would apply to the trigonal
M-center sites, the spin expectation values of the latter could
depend strongly on the zero-field splitting parameters in case
the, as yet unknown, exchange coupling constants are
| comparable t®. TheD-value of1 can be used to estimate
the orbital energies of the g d,;) doublet. Using eq 3 and
the free ion value of, we find that these levels are roughly
at energy 3000 cni.

As can be seen by inspection of TableAEq, ando are
quite similar for bothl and2. However, the EFG tensor of

A= —«P+ (g— 2P + (1 — B)P/14~
—kP + (g, — 2)P + PI14 (7)

whereP = NBA,1~30s a scaling factor that depends on the
radial extension of the d-orbitals ahtds a covalency factor.

In eqgs 6 and 7, the first term—P) describes the Fermi
contact contribution,gn — 2)P gives the orbital contribution

to theA-tensor, and-P/7 andP/14 result from the traceless
spin-dipolar interaction. The spin-dipolar term has a second-
order contribution,B?, that can be estimated from the
measured ZFS to bB?> ~ 0.02 and can thus be neglected
for the present discussion.

Both the axial nature and the large magnitudédbr 1
prevent the determination of tlgevalues by X- and Q-band
EPR. (It would be worthwhile to measure thevalues at
frequencies above 200 GHz.) As long as mixing of tAe
ground state witts = 1 configurations can be ignoredy
can be obtained fror® and 1 by means of eq 5, yielding
gn = 2.20 for complexd.*® With this information, we can
calculateP and« from eqgs 6 and 7. Our experimental result
(Table 1) ofA; = —7.5 MHz andA, = —29.5 MHz yields
P = 53.1 MHz andk = 0.41. Interestingly, the value af
agrees very well with the = 0.43 calculated for the free
Fe' iont’

In analyses commonly used to assess a spin coupling
scheme, one works with the isotropic part of the magnetic
hyperfine interactionAiso = (Ax + Ay + A)/3; taking the
trace ofA removes the contribution of the traceless dipolar
term, yielding Aso, = —14.9 MHz for 1. A, contains a
contribution from the isotropic Fermi contact term as well
as an isotropic (pseudocontact) contribution from the orbita
term that opposes the Fermi contact téfmcontact (—«P =
—21.9 MHz for1) depends primarily on the covalency and
thus might be expected to remain rather constant for sites
with similar ligand structure. On the other hand, the orbital
contribution toAiso, AL = P (tr(g — 2))/3= 0.13FP = +7
MHz for 1, will depend on the orbital energies and thus is
expected to be more sensitive to structural differendgs.  (18) 2"9%“563?' 433;4'\4-? Noodleman, L.; Case, D. A.; LamotténBrg. Chem.
is the quantity that is generally used in spin-coupling models (19) A recent high-frequency EPR std8f the rubredoxin model complex
to analyze, in conjunction with spin projection factors (see [PPhy]z[Fe'(SPh)]*! yieldedD = 5.84 cm®, E/D = 0.24,0« = gy =
for instance ref 18), the magnetic hyperfine interactions of ﬁ&,%%rﬁr?ggg;aé'gt%rg his rzdofcee'dcfﬂfé?j)é;ﬁswe:f;??ﬁg_%‘fuZame

of the model is substantially smaller than the valie= 7.8 cn1t
reported for rubredoxin fron€C. pasteurianum® We have recently

(13) Solomon and collaboratdf$ave shown for Fe(SRJR = 2-PhGH.),

a ferrous complex with tetrahedral thiolate coordination, that low-
lying °T" states can mix into theEg ground states, contributing1.5
cm to the zero-field splitting of the compleXD(= —8.7 cnT?).
The frequently used correlation between the zero-field splitting
parameter® and E and theg-tensor,gyx = g, — 2k(D + E)/1,'%is
quite useful to estimate thg-values if EPR data are not available.
However, four corrections affect this relation: (i) the expressions for

reinvestigated this protein with Msbauer spectroscopy using applied
fields up to 8.0 T2 Our data analysis yield3 = 5.7(3) cn1?, a value

in excellent agreement with that obtained for the model compound.
Moreover, our study yields a slightly improved value £y, namely

Aiso = —21.6 MHz. Our analysis indicates also that nearly 40% of
the D-value of rubredoxin is contributed by mixing with excited triplet
states.

g and the zero-field splitting parameters might contain contributions (20) Knapp, M. J.; Krzystek, J.; Brunel, L.-C.; Hendrickson, D.Ihbrg.

from low-lying triplet states? (i) the ZFS parameters, but ngthave
a contribution f) from intra-atomic spir-spin interactiond? (iii) the
orbital reduction factork is generally not known, and (iv} is
covalently reduced from the free ion value. We have found deviations

Chem.200Q 39, 281.

(21) Coucouvanis, D.; Swenson, D.; Baenziger, N. C.; Murphy, C.; Holah,

D. G.; Sfarnas, N.; Simopoulos, A.; Kostikas, A.Am. Chem. Soc.
1981, 103 3350.

from this equation for the C42S rubredoxin mutant for which we have (22) Winkler, H.; Bill, E.; Trautwein, A. X.; Kostikas, A.; Simopoulos A.;

determined by EPR that, = 2.08(1)6

(14) Gebhard, M. S.; Koch, S. A.; Millar, M.; Devlin, F. J.; Stephens, P.

J.; Solomon, E. IJ. Am. Chem. S0d.99], 113 1640.

(15) Zimmermann, R.; Spiering, H.; Ritter, Ghem. Phys1974 4, 133.
(16) Yoo, S. J.; Meyer, J.; Achim, A.; Peterson, J.; Hendrich, M. Pnéky

E. J. Biol. Inorg. Chem200Q 5, 475.

(17) Freeman, A. J.; Watson, R. E. Magnetism Rado, G. T.; Suhl, H.,

Eds.; Academic Press: New York, 1965; Vol. lIA.
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Terzis, A.J. Chem. Phys1988 89, 732.

(23) Schulz, C.; Debrunner, P. G.Phys1976 C6—37, 253. (b) Winkler,

H.; Schulz, C.; Debrunner, P. ®hys. Lett.1979 69A 360.

(24) Vrajmasu, V.; Bominaar, E. L.; Meyer, J.;"Mck, E. In preparation.
(25) Min, T.; Ergenekan, C. E.; Eidsness, M. K.; Ichiye, T.; Kang, C.

Protein Sci.2001, 10, 613.

(26) Mayer, S. M.; Lawson, D. M.; Gormal, C. A.; Roe, S. M.; Smith, B.

E. J. Mol. Biol. 1999 292, 871.
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2 shows that the complex has rhombic, or probably lower, state. If we apply these considerationsltin a qualitative
symmetry. InterestinglyAiso = —11.8 MHz of 2 is substan- ~ way, we expect a substantial reduction/&iq due to the

tially smaller thanAis, = —14.9 MHz of1. The smalleiAis, positive ligand contribution opposing the negative valence
value of2 may reflect a larger pseudocontact contribution. contribution. Extrapolating to the trigonal Fe sites of,M
From the relatiorgyx = 2.00— 2(D + E)/4, and usingP = the present considerations give a rational, but not yet
53 MHz, we can estimaté&, = +9.6 MHz for 2. Thus, guantitative, explanation of the smalEg values reported

compared tdl, the A, value of2 would be reduced by an  for the M-center!
additional 2.5 MHz, a reduction in good agreement with the  The isomer shift measures the s-electron density at the
data?’ nucleus, and because this quantity is strongly influenced by
The magnetic hyperfine interaction ffits very wellto  glectrostatic shielding of valence d electrodss generally
a dz ground state. For this state, one expects an axial anda good indicator of both oxidation state and coordination
negative quadrupole interaction witkEq ~ —(2.5 — 3.5) number. The shifts of, 0 = 0.56(1) mm/s, an@, 6 = 0.60-
mm/s. For instance, the high-spin ferrous site of rubredoxin (1) mm/s, are lower than those of high-spin ferrous com-
exhibits AEq = —3.23 mm/s, and in fact, most high-spin  plexes with tetrahedral sulfur coordinatioh € 0.70 mm/s
ferrous complexes hav&Eq| values above 2.5 mm/s. Thus,  for the Fd(Cys), of rubredoxin andd = 0.71 mm/s for the
the smallAEq values of the trigonal sites of the M-center, Fe!(Cysh(S*), sites of the all-ferrous E8, cluster from
AEq~ 0.7 mm/s, and the smaMlEq values ofl and2 have  aquifex aeolicus®® To date,1 is the only synthetic complex
been puzzling. However, it has recently become quite with trigonal thiolato coordination, and thus, its isomer shift
apparent to us that complexes with approximately planar has particular relevance to the electronic structure of the
ligand systems exhibit quadrupole splittings with large ligand nitrogenase cofactor. We have previously argtied, the
contributions. Such contributions are best appreciated with pasis of comparing the nitrogenase sites with that, ahat
reference to some planar ferric complexes. The ground statehe isomer shifts of the cofactor sited,, = 0.41 mm/s,
of the high-spin Fé ion has &°S parentage for which the  gyggest a MY4Fe'3Fe" oxidation state for th&= 3, form
valence contribution to the EFG is (ideally) zero. However, of the cofactor cluster, rather than M6Fe'Fe" as proposed
a variety of planar F& complexes exhibit largaEq values,  py |ee et af Some questions arise in using thevalue of
such as iron porphyrinsAg, = +1 to +2 mm/sj® and 1 to assess the oxidation state of the M-center. For instance,
Fe[N(SiMe)z]s (AEq = +5.12 mm/sf? A vanishing valence  the trigonal M-center sites have sulfido rather than thiolato
contribution to the EFG is also predicted for intermediate ¢gqrdination. Replacement of two thiolato groups with
spin (S = 3) Feé" complexes in which the unpairegzdy sulfido ligands seems to have little effect @nfor the
electron of theS = °/, state is substituted by a spin-paired tetrahedral sites, as witnessed by the observation that the
dy electron. Examples are found for several iron porphy#ins  Edi sites of rubredoxin and the all-ferrous [2F2S] cluster
and for [FeClg*-MAC*)] >* (AEq = +3.6 mm/sj® These  from Aquifex aeolicui® have the same-value. (In the
examples show that planar ligands produce a large positivepixed-valence states of the F8 clusters, th@-values of
EFG component normal to the ligand plane. We have tne ferrous sites are reduced by partial delocalization toward
recently analyzed in some detaithe ligand contribution  the ferric sites; ref 34.) Also, one should keep in mind that
for a series of planar complexes [LBg° (L = S-diketimi- ligands1 and2 are thiophenolates for which the electronic
nate; X = CI", CHs", NHTol", NHtBu") and found by  girycture of the sulfur is influenced by conjugation with the
crystal field analysis and density functional theory (DFT) garomatic ringi Further, the M-center is a polynuclear cluster
calculation$® that such ligand arrangements indeed give a yith meta-metal interactions that are likely to exhibit
substantial positive ligand EFG component normal to the jncreased covalency of the sites. Covalency and valence
ligand plane. The DFT calculations, well suited to the gelocalization are important features of the electronic
problem because the field gradient depends on the chargetrycture as apparent from the unusual isomer shift of the
distribution, gave similar ligand contributions in the ferrous strahedral M-center sitewhich exhibits neither the shift
(27) In deriving the value forP, we have assumed that the orbital Of a typlcal fe”ofjs nor a typlca] fem,c tetrahedral site.
contribution,A., can be computed by obtainirg from eq 5; if, for Finally, in comparing the cofactor iron sites with thoselof

instanceg: had the value 2.16 instead of 2.20, we would obgi and2, it should be noted that both model complexes exhibit
59 MHz andx = 0.35. The reduction of the contact interaction could

then possibly arise from a small 4s population, &f 1 would be substantially larger anisotropies of the magnetic hyperfine
the same as the-value of Fé rubredoxin. interactions than any of the cofactor sifésClearly, the
(28) (a) Gismelseed, A.; Bominaar, E. L.; Bill, E.; Trautwein, A. X.;
Winkler, H.; Nasri, H.; Doppelt, P.; Mandon, D.; Fischer, J.; Weiss,
R. Inorg. Chem.199Q 29, 2741. (b) Gupta, G. P.; Lang, G.; Lee, Y.  (31) MacDonnell and collaborators have reporfef, = 2.53 mm/s and

J.; Scheidt, W. R.; Shelly, K.; Reed, C. /Morg. Chem.1987, 26, 0 = 0.78 mm/s (at 4.2 K) for the [RESGH2-2,4,6-tBw)4]. This

3022. (c) Ikeue, T.; Yamaguchi, GChem. Commun. (Cambridge) centrosymmetric complex has ostensibly three-coordinate iron sites,

200Q 20, 1989. (d) Mansuy, D.; Morgenstern-Badarau, I.; Lange, M.; and thus the largeAEg and 6 values would seem to be puzzling.

Gans, Plnorg. Chem 1982 21, 1427. (e) Reed, C. A.; Mashiko, T.; However, Evans et & have pointed out that, because of interactions

Bentley, S. P.; Kastner, M. E.; Scheidt, W. R.; Spartalian, K.; Lang, between the iron and the carbamsilouds of the phenyl rings, the

G.J. Am. Chem. Sod.979 101, 2948. iron environment is best described as distorted tetrahedral four-
(29) Fitzsimmons, B. W.; Johnson, C. Enhem. Phys. Letfl974 24, 422. coordinate.
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present study is only a beginning in our efforts to understand large. However, the DFT calculations indicate, for six of the
the electronic structure of the nitrogenase cofactor. seven Fe sites, ligand field splittings substantially larger
While this paper was reviewed, Lovell et al. reported (=8000 cnt?) than the 3000 cmt estimated here fot. If
calculations of the nitrogenase cofactor using broken- the cofactor iron sites would indeed have substantially larger
symmetry density functional theo#yThe authors conclude ligand field splittings thanl, they would have smaller
that “Fe—Fe bonding is inherently moderately weak” within  D-values and thus smaller orbital contributions to the
the M cluster suggesting thaA-values and zero-field A-tensor. However, in our experience, DFT calculations tend
splittings obtained for suitable monomers can be transferredto overestimate the orbital splittings, and thus, it will be
into the spin-coupling problem of the cofactor. Lovell et al. important to determine the ligand field splittings dfby
have calculated th&-values of the cofactor Fe sites using optical spectroscopy and compare the results with the
various coupling models. For these calculations, the authorstheoretical estimates. Such studies, using low-temperature
used for the ferrous “trigonal” site&-values around-22 MCD, are in preparation.
MHz (L. Noodleman, personal communication), obtained by
calculatingA for the free ferrous ion and using covalency
corrections obtained from DFT of the cofactor. Given our
result for theA-value of1, A-values of—22 MHz seem quite
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