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This paper describes a procedure that permits the total charge state (i.e., oxidation state) of a complex molecule
to be obtained from its redox potential data by comparison with good data (both charge state and redox potential)
for reference compounds that are chemically similar. The link between the reference data and the unknown compound
is made by the calculated energies of the Fermi level or highest occupied molecular orbital (HOMO). The HOMO
energies are calculated by unrestricted density functional methods (DMol) for the reference compounds in their
known charge states, and a graphical correlation of HOMO energy and redox potential for oxidation (corresponding
to loss of an electron from the HOMO) is constructed. The measured redox potential of the unknown is then
applied to the correlation to yield the HOMO energy of the unknown, against which the calculated HOMO energies
for various charge states of the unknown are assessed. This method is generally applicable. Using 26 reference
data, the method is used here to determine the resting redox state, [NFesMoSg]°, of the core of the FeMo cofactor
(FeMo-co, bound to the MoFe protein) which is the active site of nitrogen-fixing enzymes. The analysis also shows
that if the atom at the center of FeMo-co is C rather than N, then FeMo-co must be protonated in its resting state,
but if FeMo-co is N-centered, it would not be protonated in the resting state.

Introduction its thermodynamic potential for redox change may be
measurable electrochemically: how then are the net oxidation
. . states of the cluster to be determined from the redox potential
states, the redox potential measured electrochemically cor- . ) .

. A ) . . data? This paper shows how this can be done, with
relates with the oxidation state: the reduction potential - X .

L " . application to the FeMo-cofactor (FeMo-co, Figure 1) which
becomes more positive for more positive oxidation states. . : ) . -
. o is the active site of the nitrogen-fixing enzymes§.

In the majority of transition metal clusters, the overall . .
L : The method involves comparison of the unknown system
oxidation state is measurable (usually as net charge) and the . : o .
. L : . with known systems that are chemically similar. Comparison
correlation of oxidation state and electrochemical potential is made via the enerav of the highest occupied molecular
is fully determined. Throughout this paper, the term oxidation gy g P

4 o orbital (HOMO). The energy of the HOMO is related to the
state is used for the net molecular oxidation state (net charge) . S .
- e . o potential for oxidation, that is, removal of an electron from
avoiding artificial apportionment of oxidation state to

U the HOMO, and the HOMO energy is also dependent on
individual atoms. T )
When the oxidation state of mpound is not m rabl the oxidation state of the compound. Therefore, a correlation
it becgme:(;)esi;b?e tsoabee%tiec?o Sgg thisso>2 datﬁ)?;t:tee’between HOMO energy and oxidation potential is developed
. . . ) for chemically comparable reference compounds, and from
electrochemical potential correlation to determine the un-

known or ambiguous oxidation state. To illustrate the (1) garashi, R. Y.; Seefeldt, L. @rit. Rev. Biochem. Mol. Biol2003

problem, a polymetallic cluster at the active site of a redox 5 ?é& 3515334_.Ch K Kim, B | Chem 1993 40, 86
enzyme may not be separable from the protein without (2 ReesD-C.iChan, M.k Kim, Adv. norg. Chem1993 40,

change, and therefore its net charge in each of the relevant (3) Burgess, B. K.; Lowe, D. Xhem. Re. 1996 96, 2983-3011.

; (4) Howard, J. B.; Rees, D. @hem. Re. 1996 96, 2965-2982.
turnover redox states may not be dlreCtIy measurable, but (5) Christiansen, J.; Dean, D. R.; Seefeldt, LA@nu. Re. Plant Physiol.
Plant Mol. Biol. 2001, 52, 269—-295.

* E-mail: |.Dance@unsw.edu.au. (6) Smith, B. E.Adv. Inorg. Chem1999 47, 159-218.

For a polymetallic compound with variable oxidation
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275 Cys

Figure 1. FeMo-cofactor, FMloSgX(homacitrate)(cys)(his), the catalytic
site of nitrogenase enzymes, linked to the surrounding MoFe protein via
275 and 442 (PDB structure 1IM1N): Fe, magenta; Mo, brown; S,
yellow; N, blue; O, red; C, green (homocitrate C atoms dark green). The
unproven identity of the central atom X, probably N, is discussed in the
text.

this correlation, the oxidation potential for the unknown is
used to determine the HOMO energy in the unknown.
HOMO energies are then calculated for possible oxidation

potentials were taken from the literature cited. Only electrochemical
potentials that are reported as reversible or almost reversible are
used, to avoid kinetic effects (at the electrode and/or in solution)
which shift potentials from their thermodynamic values. Any small
variations in potential from measurements in different solvents are
averaged. All potentials (V) have been re-referenced to the normal
hydrogen electrodeEe), using the shiftéEyye = Esce+ 0.25=

Erc + 0.63= Eagiagal + 0.2 (SCE s the saturated calomel reference
electrode, Fc is the ferrocene/ferrocinium couple, and Ag/AgCl is
the Ag/AgCl reference electrod®)16The structures of the reference
clusters are either taken directly from the literature or constructed
from closely related literature structures: all structures have been
optimized using the density functional theoretical methods described
below.

The model used to calculate FeMo-colisin which 4421s is
truncated to imidazole, 2¥%is truncated to SCkland homocitrate
is truncated to glycollate;zOCH,COO-: this retains the native
coordination of all metal atoms. Calculated structures are denoted
1(X)? to identify the central atom, X, and the overall charge,

Density functional calculations using the program DMol3 (ver-
sion 3.2, 200531 have been described previoudhMNumerical
basis sets (dnp in DMol3) included polarization functions and were
calculated to a distance cutoff of 9 au. Relativistic corrections are
not needed for the atoms involved here. The functional is BLYP.
The calculations are all-electron and unrestricted. Detailed valida-
tions of this methodology for FeMo-co and related systems have
been reporteé All structures were optimized, finally in point group
C,. Calculations were performed on isolated complexes (gas-phase

states of the unknown compound, and these, by comparison,yel), and in some cases on complexes in simulated condensed

with the ‘measured’ HOMO energy, allow determination of
its most probable oxidation state.

phases using a continuum solvation model, in which the charge
distribution of the solute polarizes the dielectric medium and

The redox thermodynamics and orbital energies for a metal generates electrostatic energies. These calculations used the con-

cluster are influenced by other factors which need to be
recognized and controlled in this comparative methodology.

Major influences are the ligand bonding types and the nature
of the environment surrounding the cluster. Lesser influences

(11) Hinnemann, B.; Norskov, J. K. Am. Chem. So2003 125 1466~
1467.

(12) Vrajmasu, V.; Munck, E.; Bominaar, E. Ilnorg. Chem.2003 42,
5974-5988.

are the spin and electronic states. All of these effects are(13) Lovell, T.; Liu, T.; Case, D. A.; Noodleman, U. Am. Chem. Soc.

illustrated in the results presented here.

The outcome for the oxidation state of the resting FeMo-
co of nitrogenase has been communicated briefly previdusly,
without details of the considerations and calculations. In this

2003 125 8377-8383.

(14) Cao, Z. X.; Jin, X.; Zhang, Q. Nl. Theor. Comput. Chen2005 4,
593-602.

(15) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877-910.

(16) Pavlishchuk, V. V.; Addison, A. Winorg. Chim. Acta200Q 298
97-102.

paper, more accurate and more extensive calculations argl?) Mouesca, J. M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case, D.

reported in detail, so that the efficacy of the method can be (;g)

assessed. In addition, the uncertainty about the identity of
s(19) Johnson, M. K.; Duderstadt, R. E.; Duin, E. 8. Inorg. Chem.

the atom X at the center of FeMo-co is addressed. There i
still no positive identification of X610 various theoretical
calculationg'¥14 have concluded that X could be N or C
but not O or F.

Methods

The metal clusters included in this investigation are listed in

Table 1 and pictured in the chart. Structures and electrochemical

(7) Dance, I.Chem. Commur2003 324-325.

(8) Lee, H.-I.; Benton, P. M. C.; Laryukhin, M.; Igarashi, R. Y.; Dean,
D. R.; Seefeldt, L. C.; Hoffman, B. Ml. Am. Chem. So2003 125,
5604-5605.

(9) Rees, D. C.; Tezcan, F. A,; Haynes, C. A.; Walton, M. Y.; Andrade,
S.; Einsle, O.; Howard, J. ARhilos. TransR. Soc A 2005 363 971~
984.

(10) Yang, T.-C.; Maeser, N. K.; Laryukhin, M.; Lee, H.-l.; Dean, D. R.;
Seefeldt, L. C.; Hoffman, B. MJ. Am. Chem. So2005 127, 12804
12805.

A. J. Am. Chem. S0d.994 116, 11898-11914.
Hagen, K. S.; Watson, A. D.; Holm, R. H. Am. Chem. S0d.983
105 3905-3913.

1999 47, 1-82.

(20) Zanello, PCoord. Chem. Re 1988 83, 199-275.

(21) Ogino, H.; Inomata, S.; Tobita, Kkhem. Re. 1998 98, 2093-2121.

(22) Zhou, H.-C.; Su, W.; Achim, C.; Rao, P. V.; Holm, R.lIHorg. Chem.
2002 41, 3191-3201.

(23) Mascharak, P. K.; Armstrong, F. A.; Mizobe, Y.; Holm, R.HAm.
Chem. Soc1983 105 475-483.

(24) Demadis, K. D.; Coucouvanis, Dnorg. Chem.1995 34, 436-48.

(25) Mosier, P. E.; Kim, C. G.; Coucouvanis, org. Chem.1993 32,
2620-2621.

(26) Barriere, F.; Evans, D. J.; Hughes, D. L.; Ibrahim, S. K.; Talarmin,
J.; Pickett, C. JJ. Chem. Soc., Dalton Tran£999 957—964.

(27) Cen, W.; MacDonnell, F. M.; Scott, M. J.; Holm, R. lHorg. Chem.
1994 33, 5809-18.

(28) Delley, B.J. Chem. Phys199Q 92, 508-517.

(29) Delley, B. DMol, a standard tool for density functional calculations:
review and advances. Modern density functional theory: a tool for
chemistry Seminario, J. M., Politzer, P., Eds.; Elsevier: Amsterdam,
1995; Vol. 2, pp 221254.

(30) Delley, B.J. Chem. Phys200Q 113 7756-7764.

(31) DMol3, www.accelrys.com/mstudio/ms_modeling/dmol3;h2905.

(32) Dance, 1.J. Am. Chem. So@005 127, 10925-10942.
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Table 1. Compounds and Data Used in the Correlation

Dance

compound type

midpoint potential (V) (solvent),

and calcd species exptl system couple redox reference electrode ref
Fe(SR) [Fe(S-cysteina] in protein —-2/-1 —0.06, SHE 17
[Fe(SMe)] [Fe(SEt)] —2/-1 —1.08, SCE 18
[Fe(S-o0-xylyl)7] —-2/-1 —0.79, SHE 17
Fe&:S(SR) [Fe&xS:(S-cysteinej] in protein —3/-2 —0.24 t0—0.43, SHE 17
[FeSx(SMe)] [FexSy(SMe) -3/-2 —1.05, SHE 17
[FeSx(SEty] —3/-2 —1.31, SCE 18
[FeSy(SPh))] —3/-2 —0.85, SHE 17
FesSy(SR) [FesSq(S-cysteiney] -3/-2 —0.13, NHE 19
[FesSy(SMe)]
FesSy(SR) [FesSu(S-cysteing)] —3/-2 —0.400, NHE D. africanusFd 1) 19
[FesSu(SMe)] —0.420, NHE D. gigasFd I1)
—0.345, NHE D. furiosusFd)
—2/-1 +0.34, SHE (HIPIP) 17
[FesSu(SMe)] —3/-2 —1.05, SHE 17
[FesSy(SBU)4] —3/-2 —1.18, SHE 17
[FesS4(SBU)4) -2/-1 +0.10,40.34, SHE 17
FesSu(SAN)4 [FesSu(SPh)] —4/-3 —1.96 (MeCN), Fc 20
[FesSy(SPh)] —2.06 (DMF), Fc
—2.08,—2.15 (NMP), Fc
[FesSy(SPh)] —3/-2 —1.25,—1.31 (MeCN), Fc 20
—1.35,—1.45 (DMF), Fc
—1.44,—1.45 (NMP), Fc
FesSy(OAr) 4 [FesSy(OPhY] —4/-3 —2.20 (NMP), Fc 20
[FesS4(OPh)] —2.18 (MeCN), Fc
[FesSy(OPh)] -3/-2 —1.55 (NMP), Fc 20
—1.46 (MeCN), Fc
FesSiCly [FesSyCly) —4/-3 —1.99 (MeCN), Fc 20
[FesSuCly] [FeaSiCly] —3/-2 —1.04 (MeCN), Fc 20
—1.10 (MeCN), Fc
—1.25 (NMP), Fc
—1.25 (DMF), Fc
FesSy(NO)4 [FesSa(NO)4] —2/-1 —0.65, SCE 21
[FesS4(NO)4] [FesSy(NO),] -1/0 +0.13, SCE 21
FesS3(NO)7 [FesS3(NOY7] —4/-3 —-1.75,—-1.81, SCE 21
[FesS3(NO)7] [FesSs(NO)y] —3/-2 —1.26,—1.35, SCE 21
[FesS3(NO)7] —2/-1 —0.68,—0.77, SCE 21
(RSuW,FeS [(edtpWoFeS) —3/-2 —0.34 (DMS0), SCE 22
[(edtpWaFeS)
FesSo(SR) [FesSo(SEty] —5/—4 —2.00 (MeCN), Fc 20
[FesSy(SMe)] —1.75, SCE 18
[FesSo(SEt] —4/-3 —0.88 (MeCN), Fc 20
—0.63, SCE 18
(RSuMo,Fe Sy [(edtpMosFesSo] —4/-3 —0.76 (DMSO, SCE 22
[(edtpMosFesSq] [(edt)MOFesSo] —3/-2 —0.30 (DMS0), SCE 22
[(EtSFe)kSsMo(allyl ,cat)(CN)] [(EtSFe}S:Mo(allylcat)(CN)] —4/-3 —1.60, SCE 23
[(EtSFe}SsMo(allylocat)(CN)] [(EtSFeySsMo(allylocat)(CN)] —3/-2 —0.54, SCE 23
[(EtSFexSsMo(allyl ,cat)(DMSO)] [(EtSFe}SsMo(allyl,cat)(DMSO)] —3/-2 —1.33, SCE 23
[(EtSFe}SMo(allyl.cat)(DMSO)] [(EtSFeysMo(allyl.cat)(DMSO)] —2/-1 —0.35, SCE 23
[MeN(CH 2CO0),MoS4(FeClys] [MeN(CH.COO)MoS,(FeCly] —3/-2 —0.83, Ag/AgCI 24
[MeN(CH,CO0)MoSy(FeCly]
[(CIFe)sSsMo(Clacat)(pyrazine)] [(CIFe)Ss(CLicat)Mo(pyrazine)] —3/-2 —0.89, Ag/AgCI 25
[(CIFe)sSs(CLcat)Mo(pyrazine)]
[(CIFe)sSsMo(—SR)Fe(CNCRs)3] [(CIFe)kS:Mo(—SEtsFe(CNCMe)3] —2/-1 —-1.32, Fc 26
[(CIFe)sS:Mo(—SEtsFe(CNCH)3] [(CIFe)sSuMo(—SEtsFe(CNCMe)3] -1/0 —-0.07, Fc 26
[VFesSs(PR3)4SR] [VFesSs(PE®)4SEL] -1/0 —0.91, SCE 27
[VFesSs(PMes)sSMe] [VFesSe(PES)4SEL] 0H1 —0.05, SCE 27
[MoFesSs(PR3)aSR] [MoFesSs(PE®)4SET] —-1/0 —0.99, SCE 27
[MoFesSs(PMes)aSMe] OH1 —0.20, SCE 27
[(R3P)sFesSs] [(EtsP)sFesSs] 0/+1 —1.05,—1.03, SCE 21
[(MesP)sFesSe] +1/4+2 —0.06,+0.06, SCE 21
+2/+3 +0.59,40.80, SCE 21
+3/+4 +1.25,+1.36, SCE 21

aBold formulas refer to the structural diagrams. Formulas are given for the species calculated theoretically (column 1) and for the speciethproviding

electrochemical data (column 2). R, alkyl; Ar, aryl; Ph, phenyl

ductorlike screening model (COSMO) implemented in DNfgt!

Results

with the van der Waals radii increased to S, 2.1; Fe, 2.5; Mo, 2.8 A.
| first describe the construction of the correlation between

HOMO energy and electrochemical potential for oxidation.
805. ) ;
(34) Andzelm, J.: Kolmel, C.. Klamt, Al Chem. Phys1995 103 9312 The structures of the reference compounds listed in Table 1
9320. were optimized (as gas-phase systems) in the charge states

(33) Klamt, A.; Schiiirmann, GJ. Chem. Soc., Perkin Trans1893 799—
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Chart 1. Structures of the Reference Compounds.
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corresponding to the reduced member of each of the couples
listed. All optimized structures were geometrically close to
the crystallographically determined structures. One possible
reference compound [(PhEEe{-ShFe(-ShFe(SPh*,

with tetrahedral coordination at each of the Fe atéfwgas
found to optimize to a lower-energy structure with near
planar stereochemistry at the central Fe atom: because this
is inconsistent with the experimental data, this compound
was excluded from the correlation. Where the spin state of
the reference system is not known experimentally, some
investigation of the variation in HOMO energy with spin
state was made, but this variation is relatively smai0 (1

eV) and insignificant in the context of the results to be
correlated.

For the majority of the reference compounds (particularly
the anions), the calculated energy of the HOMO is positive,
which is not physically realistic. These positive HOMO
energies arise in the gas-phase model calculations because
the compounds are devoid of their condensed-phase sur-
roundings. Calculation with a continuum solvation model
(COSMC*®39, simulating the surroundings as a polarizable
dielectric, yields realistic negative energies for the HOMO.
To illustrate, the cluster with the most positive HOMO
energy, [FeS(SMe)]°, has calculated values of the HOMO
energy of+10.3 eV in the gas phas#,1.6 eV for COSMO
with dielectric permittivity 4, —0.95 eV with dielectric
permittivity 10,—2.0 eV with dielectric permittivity 20, and
—2.6 eV with dielectric permittivity 80. In addition, the
dispersion of HOMO energies for the various clusters and
charge states is largest in the gas phase and ameliorated in
the solvated models, as expected. For this reason and also
because the continuum solvation model requires assumptions
about the dielectric permittivity of the medium and is
sensitive to the van der Waals radii used to generate the
solute cavity in the solvent, the gas-phase HOMO energies
were used for the correlation with redox potentials. While
this correlation of gas-phase results with condensed phase
data is artificial, it does not introduce significant errors, and
it does amplify the qualities and deviations of the correlation.

Figure 2 shows the results for all of the reference
compounds, many of which occur in electron-transfer series
represented by the connecting lines. For the systems [F4(SR)
[Fe;Sy(SR)], [FesS«(SR)Y], and [FaSi(SR)], there are
electrochemical data when they are embedded in proteins
(marked black on Figure 2), as well as data from synthetic
systems (marked red): some differences between protein
potentials and chemical solution potentials have been de-
scribed and discussed previoudhy® The results are plotted
as the energy of the HOMO in the reduced member of a
couple vs the redox (reduction) potentigl,for the couple.
This correlation has negative gradient because the energy
of the HOMO s related to electron loss and therefore to the
energy for oxidation, i.e.;-E.

(35) Stephens, P. J.; Jollie, D. R.; WarshelGhem. Re. 1996 96, 2491~
2513.

(36) Wang, X.-B.; Niu, S.; Yang, X.; Ibrahim, S. K.; Pickett, C. J.; Ichiye,
T.; Wang, L.-S.J. Am. Chem. So@003 125, 14072-14081.
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Dance

[Fe(SR),] protein
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—8- [Fe,5,(0Ph),]
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—#&— [(edt),Mo,Fe,S,]
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Figure 2. Correlation, for reduced members of the couples in Table 1, of the calculated gas-phase HOMO energy (eV) and the electrochemical potential

).

12

[Fe(SR),] protein
[Fe{SR),] synthetic
[Fe,S.(SR),] protein
[Fe,S.(SR),] synthetic
& [Fe;S4(SR);) protein
—a— [Fe,5,(SR),] protein
—&— [Fe,S,(SR),] synthetic
—&— [Fe,S,(SAr),]
—@- [Fe,S,(0Ph),]
—— [Fe,;S4(SR),]
—&— [(edt);Mo,Fe,S;]
¢ [(edt),W.FeS,]
—— [(SEt),Fe,Mo(allyl,cat){CN)]
—0— [(SEt),Fe;Mo(allyl,cat)(DMSO)]
@ [(Cl cat)MoFe,S,Cl,(pyrazine)]
B~ [Fe,8,Cl,)
& [MeN(CH,COO)MoS,Fe,Cly]

+ + 0

Energy of HOMO, eV

0.4

Potential, v (NHE)
Figure 3. Subset of data from Figure 2 used for the application to the resting state of FeMo-co.

Before proceeding, it is necessary to assess the relevance¢herefore also excluded from further consideration in the
of the reference compounds and to refine the reference setorrelation.
to be used in the correlation by culling the less-relevant  Figure 3 shows detail of the 26 data points for the
systems. In Figure 2, notice that the reference compoundsreference compounds that can be used to assess the
with terminal phosphine ligands are well displaced below redox state of FeMo-co. The gradients for the HOMO energy
the reference compounds with terminal thiolate ligands, vs electrochemical potential are relatively constant for the
reflecting the fundamentally different bonding characteristics nine series of electron-transfer processes: the steeper gradient
of phosphine ligands: accordingly, the compounds with for the [(edt-Mo)Fe;Sg] series may be due to the less-
phosphine ligands are to be excluded from the reference setreversible (largeE,* — E,° difference) character of its
Further, the reference compound [(ClEMo(u-SEtxFe- electrochemical dat& Figure 3 demonstrates the difference
(CNCRy)3], with three isocyanide ligandsrfaccepting like between the energy scales for the HOMO energy and the
phosphines), has HOMO energies more negative than theredox potential A(HOMO energy)A(redox potentialx 3],
remainder, and the [E84(NO), and [FaS;(NO);] com- which is, as described previously, mainly a consequence of
pounds with non-innocent nitrosyl terminal ligands have the calculation of HOMO energies for species in the gas
slightly lower HOMO energies: these compound types are phase.
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Table 2. HOMO Energies Calculated for FeMo-d¢N)? in the Gas Table 3. HOMO Energies Calculated for C-Centered FeMo1¢G)? in
Phase, as Dependent on Its Total Chamy&pin State, and in Some the Gas Phase, as Dependent on Its Total Charge Spin State, and in
Cases Alternative Electronic States Some Cases Alternative Electronic States
relative energy of the relative energy of the
total charge spin/electronic state HOMO energy total charge spin/electronic state HOMO energy
z spin (kcal moi™) eV z spin (kcal mol™1) eV
—4 1 +8.0 7.09 —4 1/2 +10.7 7.26
—4 1 +2.4 7.05 —4 3/2 +4.9 7.23
—4 0 +1.4 7.17 —4 5/2 +0.8 7.07
—4 2 0 7.06 —4 1/2 0 7.24
-3 3/2 +7.4 4.10 -3 0 +9.0 4.21
-3 1/2 +6.6 4.16 -3 2 +7.1 4.15
-3 3/2 +6.1 4.08 -3 1 +6.4 4.12
-3 3/2 +3.2 3.80 -3 0 0 3.96
-3 1/2 +0.5 4.11 -2 1/2 +6.4 1.17
-3 3/2 +0.3 3.82 -2 5/2 +4.2 1.05
-3 5/2 0 4.07 -2 3/2 +3.8 1.03
-2 2 +12.5 0.90 -2 1/2 0 0.97
-2 0 +3.6 0.95
-2 1 0 0.91 . . . .
1 512 156 214 calculated in various spin and electronic states for net charges
-1 3/2 +4.9 —2.06 ranging from+1 to —4. (The results in Table 2 differ slightly
—(1) 142 +f5 —g-ig from those previously publishébecause the basis set cutoff
0 0 119 514 distance used throughout the present work is set for
0 1 0 -5.18 maximum accuracy.) The conclusion is obvious: only the
ﬁ gg Igg —2-32 —3 net charge on FeMo-co provides agreement between the
11 12 o _834 calculated HOMO energy (3-84.2 eV) and that derived

from the correlation with pertinent reference compounds
(38.5-6 eV). Since it is known that the resting state of FeMo-
co has an odd electron cou=€ 3/2), the nearest alternative

Application to the FeMo-co Active Site of Nitrogenase. ~ charge states would be 1 or —5, both of which have
The reference compounds portrayed in Figure 3 have localc@lculated HOMO energies that ar& eV away from that
coordination of Fe, Mo, and S that closely mimics the derived from the reference correlation.
coordination of Fe, Mo, and S in FeMo-co (Figure 1). Central Atom of FeMo-co. The previous analysis as-
Therefore, the next step is to locate on the reference sumed that the central atom X of FeMo-co is nitrogen, but
correlation the relevant redox potential data for the resting this has not been proven. Crystallographic diffraction analysis
state of FeMo-co (also denoted'Mn its protein and thereby ~ indicated only that this central atom has an atomic number
to estimate the corresponding HOMO energy for FeMo-co. <10 A number of theoretical investigations have shown
| emphasize that this analysis is made for FeMo-co as it is that C and N are the only feasible possibilities: elements O
bound within the MoFe protein, not the isolated cofaéfor. Or F as X cause the FeX distances to enlarge, unsymmetri-
The enzyme does not exchange electrons with electrodesgcally, in a manner that is inconsistent with accurately
and the potentials for oxidation of the resting state have beenmeasured FeX distances:*? Careful spectroscopic inves-
determined by mediated potentiometric titrations: species tigations involving labeled FeMo-co both isolated and in
dependent values between 0 an.18 V (vs NHE) have  Protein, have not been able to detect any signal corresponding
been reporte@32-4° Superimposing this potential range on t0 X = N, and currently there is no positive evidence for
the reference correlation (Figure 3), leads to the conclusion the identity of X%1°
that the energy of the HOMO for the resting state of FeMo- | have calculated the HOMO energies for C-centered
co is in the range 26 eV. Since the data for FeMo-co are FeMo-co and compared them with the HOMO energy
in protein, the reference data taken from proteins (marked obtained from the reference correlation. The results (Table
black in Figure 3) should be emphasized in reading from 3) show that the calculated HOMO energies are very similar
the correlation chart, and so it is concluded that the (gas-to those for X= N (Table 1) for the same total charge,
phase) energy of the HOMO of the resting state of FeMo- although the electron counts differ by one. Since the resting
co lies in the range 3:56 eV. state of FeMo-co has an odd electron couhitH 3/2), the

Next, the energies of the HOMO of FeMo-co in various total charge state;-3, that agrees well with the reference

charge states are calculated to determine which best fits thisTOMO energy for X= N is not possible for X= C. The
conclusion. Table 2 lists the HOMO energy for FeMo-co Closest possibilities for %= C consistent with the electron
count are total charge4 (calculated HOMO energy ca. 7.1

(37) Smith, B. E.. Durrant, M. C.. Fairhurst, S. A.: Gormal, C. A.; Gronberg, €V) OF total charge-2 (calculated HOMO energy ca. 1.1

K. L. C.; Henderson, R. A.; Ibrahim, S. K.; Gall, T. L.; Pickett, C. J.  eV), but both of these HOMO energies are well outside the
Coord. Chem. Re 1999 185-186, 669-687. [ ; ) i
(38) O’Donnell, M. J.; Smith, B. EBiochem. J1978 173 831-839. eXperlmental reference range of 3:6 eV. Therefore, it
(39) Pierek, A. J.; Wassink, H.; Hagen, \Eur. J. Biochem1993 212,
51-61. (41) Einsle, O.; Tezcan, F. A.; Andrade, S. L. A.; Schmid, B.; Yoshida,
(40) Lanzilotta, W. N.; Seefeldt, L. ®@iochem.1997, 36, 12976-12983. M.; Howard, J. B.; Rees, D. GScience2002 297, 1696-1700.

aThe third column contains the relative energies (kcal THobf the
different spin/electronic states for each total charge.
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Table 4. Gas-Phase Calculated HOMO Energies for Protonated (or e + H') needs to be added, but addition of one electron
FeMo-co, Model 1(X) + HJ* (X = N or C) cannot be consistent with the measured odd spin for resting
_ total charge, _ HOMO energy FeMo-co. Therefore, it is concluded that N-centered FeMo-
species z Spin state ev co in the resting state does not harbor an undetected H atom.
ngigggm :g 3(/)2 g-gg However, the results in Table 4 show tha(¢) + H] 3
[1(N) + exo-Fe6H] 5 112 091 quels have the cc_)rr.ect HO.MO energy, elec.tron parity, and
[1(N) + exo-Fe6H)] -3 0 3.84 spin (3/2), and so it is possible that the resting state of the
Hgiggg:} :g 1c/)2 }1'22 MoFe protein could contain C-centered FeMo-co, bearing
[1(C) + S2BH] _3 32 408 one H atom and with total charge3.
[1(C) + exo-Fe6H] -2 0 1.02 _ )
[1(C) + exo-Fe6H] -3 1/2 4.37 Discussion
[1(C) + exo-Fe6H] -3 3/2 4.12

This paper has described a procedure that permits the total

is concluded that this C-centered model of FeMo-co is less Charge state (or oxidation state) of a complex molecule to
likely than the N-centered model. be obtained from its redox potential data, provided that good

Protonation of Resting FeMo-co?Another issue needs data (both charge state and redox potential) are available for

to be considered, and that is the possibility that the resting [)eference r(l:omp;ounds tZat are ghﬁmica:ly similar. The Iigk
state of FeMo-co is protonated or hydrogenated. Protonation etween the reference data and the unknown compound Is

is a formal concept for a process that is potentially detectable made by the calculat_ed energies of the Fermi level or HOMO.
via the pH dependence of properties. The polarization of an The HOMO energies are calculated for the reference

S—H or Fe-H bond in FeMo-co is such that the atom charge compounds in their known charge states, and a graphical
on H is close to zero, not 1,2 and so ‘protonated FeMo- correlation of HOMO energy and redox potential for oxida-

co’ would in effect contain a bound H atom. An H atom ton (corresponding to loss of an electron in the HOMO) is

could be detected by unusually accurate diffraction studies, ponstructed. The measured redox potential of the unknown

or via spectroscopic coupling data, but there is no such datum'sfthre]n appklled to the cgrrelaﬂ;:_n ;[10 yrl]eld thle 'TON;O energy
for FeMo-co in its resting state: there is spectroscopic of t € unknown, against which the calculated HOMO
evidence for H bound to reduced states of FeMo-co in a ENergies for various charge states of the unknown are
modified protein during turnove? assessed. The experimental data are from condensed

In the sense that protonation affects overall charge, it phases: the calculations could be made for HOMO energies
causes a shift in the HOMO energies. Here species will’be in simulated condensed phases, but these simulations intro-

described aslX) + H]% emphasizing that the net charge ?rlé?eer:;]gsrﬁgnEikﬁg\?vr;aliﬁumgonzsforr:zzftestr% ?Jleﬁulﬁi
is important. As shown in Table 4, formal addition of a gas p f g

proton to 1(N)-3 at S2B (a likely positiof?) generates a realistic, are more reliable and amplify the effects. In this

species I(N) + H] 2 and a calculated gas-phase HOMO procedure,_lt is more important to ensure that there is close
. . chemical similarity between the reference systems and the
energy of+0.99 eV, while formal protonation at the exo- ) :
L I : unknown compound, such as the presence of ligands with
Fe6 coordination positidi yields a calculated gas-phase similar bonding characteristics. Variations in spin and
HOMO energy 0f+0.91 eV. These are clearly different from g ) P

e calclted HOMO energy o cad o unprtonateS°€171S 518 60t hve sinieantuerces 1 e
1(N)~2. In contrast, formal hydrogenation rather than pro- Y paper. g

tonation at S2B or the exo-Fe6 position (i.d(N) + H]-2) sys_tems such as FeMo—co.in the gas phase the HOMO energy
yields calculated gas-phase HOMO energies of 4.3 or 3.gvanes by ca. 3 eV per unit charge Chﬁng‘?’ bUt. because the
eV, respectively, both close to the result fra(N) 2. Similar pavity of the electron count must be _malntalned in the charge
results are obtained fo{C) + H] (Table 4): when the states to be considered, the choice of HOMO energies

net charge is—3, the HOMO energies are consistent with involves jumps of ca. 6 eV.

the ‘measured’ value from the correlation, but they are not .Thls method is generall_y appllcable. In addmon to use
whenz = —2. with metal clusters in proteins, it could be applied to systems

uch as the polyoxometalate clusters, where there are
What are the consequences of these results? If N-centere(i poly

. . ) xtended electron-transfer series of clusters in which non-
FeMo-co in the resting state does contain an H atom bound.

: isolable species are characterized by electrochemical and
to S or Fe, then the calculated HOMO energy results in Table ESR dat44%and for which there is a considerable volume

4, compared with the reference resultg, indicates that the r"atof reference electrochemical data from which the correlation
charge would be-3, but for such species, the total number could be constructed

of electrons is even, in conflict with the ESR data. Stated 1 . application to FeMo-co of the nitrogenase enzymes

differently, there is an intrinsic discrepancy in the data on is specifically for the cofactor in the MoFe protein, not the

hypothetical L(N) + H]: in order to retain agreement in : ;
the HOMO energies, the equivalent of an uncharged H atom partially deligated cluster that can be extracted from the

(43) Way, D. M.; Bond, A. M.; Wedd, A. Gnorg. Chem1997, 36, 2826~

(42) lgarashi, R. Y.; Laryukhin, M.; Dos Santos, P. C.; Lee, H.-l.; Dean, 2833.
D. R.; Seefeldt, L. C.; Hoffman, B. Ml. Am. Chem. So2005 127, (44) Richardt, P. J. S.; Gable, R. W.; Bond, A. M.; Wedd, A.I@org.
6231-6241. Chem.2001, 40, 703-709.

5090 Inorganic Chemistry, Vol. 45, No. 13, 2006



Correlation of Redox Potential, HOMO Energy, and Oxidation State

protein, and the result applies to the resting state of FeMo- count or redox level of the cluster. It is concluded that
co, also known as M The conclusion is that the resting N-centered FeMo-co in its resting state could not be
state of FeMo-co has net charge (for moilebf —3 if the protonated. This is consistent with the Thornetéypwe
central atom is N, but if the central atom is C, then the model kinetic data and general mechanistic scheme for the nitro-
must also contain a hydrogen atom and have net charge ofgenase which ascribes protonation only to reduced FeMo-
-3. co*® However, experiments show that the potential for the
For the reasons outlined below, | believe that the central oxidation of resting FeMo-co in the MoFe protein of
atom is more likely to be N, and so | will discuss here the Klebsiella pneumoniaés pH dependent and consistent a
interpretation of the preferred mod&{N)~3. To translate protonatable site with al, of 7.0 in the oxidized form of
this charge to the core of FeMo-co, the charges of the the protein®® Further experiments using deuterium indicated
—SCH; (equivalent to negatively charged cysteine) and the that this protonation does not occur at FeMo-co but probably
—OCH,COO- (equivalent to the coordinated section of at a surrounding residue, which is consistent with the
homocitrate) are subtracted, leaving a core [MFES)°. conclusions of the present analysis.
This, [NFeMoSs]°, is the sustainable expression of the result  The possibility remains that FeMo-co is C-centered and
and of the oxidation level of resting FeMo-co. Any further protonated in its resting state. As just discussed, there is no
decomposition into atomic oxidation states is artificial and evidence for this proton. My reservations about C-centering
arbitrary because all four elements in this core can havearise also from consideration of the chemistry that would
variable formal oxidation states. There is evidence that Mo be involved in the biosynthesis of FeMo-tbEstablished

in FeMo-co has properties attributable to Mo(Wy¢and if metal clusters containing an interstitial C atom are generated
formal oxidation states NfIll) and S(-II) are assumed, then  with reactants and reactions that are quite unbiologfc&?,
the iron atoms could be described as Fgfk)IIl);. However, and it is not obvious what biological reactant could introduce

this is an arbitrary assignment. | note that Pauling’s elec- a C atom into FeMo-co. A mechanism for irreversible
troneutrality principle is seriously contravened if the FeMo- insertion of an N atom into empty FeMo-co, using &k
co core is described as [IN(Fe")s(FE1)4(S*)o(Mo*H)]. reactant, has been proposed.

The calculated atom partial charges (mean of Mulliken,

Hirshfeld, and electrostatic potential methods of calculation) ~Acknowledgment. This research is supported by the
are N,—0.44; Fe +0.33: S,—0.46; Mo, 0.77. University of New South Wales, the Australian Research

Nevertheless, to focus on the important result, there is now Council, and Australian Partnership for Advanced Computing.

consensus that [NE®I0S]° is the redox state of resting  1C060438L
FeMo-co!:12:1347
A factor that can affect analyses such as these is pro-(48) momeley, RE. N. F.; Is.ovst/e, DMxS]I' ll)<ci1netics and Mesch_anisTm c(;)f the
. . - - itrogenase Enzyme System. Molybdenum enzymgeSpiro, T. G.,
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