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Density functional theory calculations were carried out on the structurally characterized [(Cl,-cat)Mo(py)FesSs (CO)4(P"-
Prs)s), A, and (Cls-cat)Mo(py)FesS3(CO)s(PEts),, B, and also on A2~ and B?*clusters. The Fe—Fe distances in
these molecules depend on the total number of valence electrons (60 e~ in A and B?* and 62 e~ in A~ and B)
and undergo great structural changes upon addition or removal of electrons. The changes are consistent with
known electron-counting rules in organometallic chemistry. The weak nature of the Fe—Fe bonding interactions in
these clusters is apparent in the very similar energies of states with widely different Fe—Fe distances.

In our search of synthetic structural analogues for the 38 for A and 40 forB. The neutral clusters must contain
nitrogenase Fe/Mo/S site we have obtained a series of cluster$FesMo]*8 central units to balance the ligand charges-8f
that contain the MoFs; core as a common structural uhit.  (three $~ and cat”). Possible combinations of oxidation
These units structurally resemble the Mo bearing cuboidal states for an 8charge are M& (Fe*t)s, Mo®t(Fe*t)(Fet),
subunit within the MoFgS core in the cofactor of or even Md" (F€M),(FE"). In the absence of magnetic
nitrogenasé:® The structures of the [(Gicat)Mo(py)- studies and detailed Moessbauer data for the closedAhell
FesS3(COW(P'Pr)s], A, and (Cl-cat)Mo(py)FeSs(CO)- andB, it is not possible to make a definitive choice among
(PE®), B, clusters (C}cat= tetrachlorocatechol) have been the above combinations. For any of these possibilities,

determined (Figure 1). The isolation oA andB in only however, the total number of metal d electrons is 22, and
small quantities has precluded the synthesis of reduced ortherefore, the total numbers of valence electronsAfand
oxidized derivatives of these compounds. Cluste@ndB B, respectively, are 60 and 62. Various electron counting

both contain a pyridine and a catecholate, bidentate chelatingschemespredict that, in the MoF£&; clusters, a total of 60
ligand bound to the Mo atom and three triply bridging sulfido valence electrons will lead to a completely¥W bonded
ligands integral to the cuboidal Mogs subunit. ClusteA M, tetrahedron. The mean F&e and Fe-Mo distances in
contains seven two-electron donor terminal ligands dis- the 60 valence electroh are 2.59 and 2.73 A, respectively,
tributed into two fiz-Sh(L).Fe and one uz-Sk(L)sFe and can be considered asW single bonds. As additional
units. ClusterB with eight terminal ligands contains two valence electrons are added to the MgHeclusters, the
(us-Sk(L)sFe and oneus-S)(L).Fe units. The total number ~M—M bonding is expected to weaken. B the total number
of ligand electrons that participate in-Migand bonding are  of valence electrons is 62. In this molecule (Figure 1B) the
structure shows mean F&e and Fe-Mo distances of 3.00
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Figure 1. Crystal structures of the [(Gtat)Mo(py)FeSs(CO)(P'Pr)3], A, and (Ck-cat)Mo(py)FeSs(CO)(PER), B, clusters. For clarity only the carbon
atoms attached to the tetrachlorocatecholate ligands are shown. Also hidden are the alkyl groups erifeed®R the oxygen atoms of the carbonyl
ligands, and the carbon atoms of the Mo-coordinated pyridine ligands.

structure determinations for either the two-electron oxidized resolution of identity RI-J approximatidi:®* An SV(P)
B or the two-electron reduced clusters, it is not possible  basid®17 (split valence plus polarization, except for H) and
to evaluate the decrease in-M bonding in the former or  an (effective core potential) ECHor the molybdenum atom
the corresponding increase of-N¥ bonding in the latter, are used. Test calculations with TZVP ba%igtriple-¢
strictly on valence electron counting considerations. valence plus polarization) led to virtually the same results.
An evaluation of M-M interactions and the optimization A general problem that one encounters in theoretical
of the oxidized and reduced cluster structures, maintaining treatments of clusters such Asor B is that the spin states
the same number of terminally coordinated ligands, is and, in the case of molecular symmetry (beyd@y, the
possible by density functional theory (DFT) calculations. A occupation patterns are not known a priori. To locate the
DFT study of A andB was therefore undertaken. electronic ground state within a given method of calculations,
The presence, and relative strength, oM bonds in i.e., a given functional, one has to vary spin distribution and
multimetallic clusters often is an issue that must be resolved MO occupation of each molecular structure. For this purpose
on the basis of accurate theoretical calculations or appropriate=ermi smearin has been employed,which is based on
experimental data. A detailed general understanding-eM the use of noninteger occupations for MOsoo&nd/ spin.
interactions is particularly desirable for certain biologically Molecular orbitals and occupation numbers are then varied
important multimetallic clusters, such as the FeMo cofactor simultaneously during the SCF iteration procedure. In the
in nitrogenase, where unusually short-Wl distances are  present case this always resulted in integer occupation for
founc~> and may play a role in catalysis. spin-orbitals. Although there is no guarantee that the correct
Various quantum mechanical calculations have appearedelectronic state has actually been found, we are confident to
in the literature and are concerned with the detailed electronichave succeeded in this respect since calculations using
structural description of the FeMo-cofactor of nitrogerfase different MOs and molecular structures as a start converge
or with the nature of the cofactesubstrate interaction&:f to the same result.
In some of these studi€s® some discussions concerning Calculations were carried out for two representative
M—M interactions and their strength have been presented.clusters in the MoF£; class. In the optimized structure of
The calculations reported herein were performed with the the reduced [(Gtcat)Mo(py)FeSs(L)7]%>" clusterA?~ (Table
DFT implementation of TURBOMOLE: ! using the BP86
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Table 1. Computed Bond Lengths (A) of the Neutral (60)eand the
Reduced (62 € Forms ofA2

neutral molecule

reduced molecule

bond expt A" 1ab IAC N 3
Fe—Fe; 2590(5) 2.717 2550 3.379 3.205  2.606
Fe—Fe 2.600(8) 2517 2481 2456 2485  2.574

2.590(2)
Fa—S,  2.196(9) 2.288 2.266 2293 2.332  2.287
2.208(2)
Fa—S  2.190(2) 2200 2194 2208 2240  2.224
Fe-S.  2.292(9) 2356 2325 2351 2352  2.384
Fe—S  3.842 3.721 3785 3.150 3.399  3.935
Mo—Fe 2.651(1) 2.692 2.665 2.809 2.739  2.421
Mo—Fe, 2.883(4) 2872 2928 2667 2776  3.292
Fe—C; 1.783(7) 1785 1.794 1.851 1.845  1.766
Fe—C  1.792(4) 2441 2498 2018 2.058 2553
Fe—P  2.253(5) 2134 2201 2201 2134  2.159
Fe—P  226(2) 2196 2213 2197 2133 2135

a|n the DFT calculations, both PHand PMeg were used as Pfigands.

No significant differences were found, and £Was used in subsequent
calculations. It was assumed thatfies on a mirror plane of symmetry
that relates Feand Fe (the calculations were based on a model with

Cs point group symmetry). Experimental data for neutral ((Cls-

cat)Mo(py)FeSs(CON(P"Prs)s) also are included. The numbering scheme

follows Figure 1. The HOMO has asymmetry.c The HOMO has &
symmetry.dIn the crystal structure, the chemically equivalent Bad
are not related by symmetry.

Table 2. Computed Bond Lengths (A) of the Neutral (62)eand the
Oxidized (60 €) Forms ofB?

neutral molecule

oxidized molecule

bond expt A SA" SA" A
Fe—Fe; 3.618 3.566 3.962 2.815 3.564
Fe—Fe 2.703(1) 2.608 2.571 2.723 2.616

2.678(1%
Fe—S 2.207(2) 2.279 2.307 2.295 2.262
2.221(1)
Fe—S 2.295(1) 2.377 2.383 2.300 2.298
Fe—S 2.194(1) 2.225 2.260 2.226 2.208
Fe—$S, 3.332 3.338 3.557 3.826 3.293
Mo—Fe 2.786(1) 2.932 3.548 2.792 2.840
Mo—Fe, 2.669(1) 2.677 2.710 2.695 3.648

a Experimental data for neutrBl, (Cls-cat)Mo(py)FeSs(CO)(PES)2, also
are reported. The numbering scheme follows Figuré It. the crystal

structure the chemically equivalentiFend F; are not related by symmetry.

In the DFT calculation€s symmetry was assumed.

1), one of the FeFe distances is found at 3.21A while the
other two are FeFe single bonds at 2.49 A. The crystal-

lographically determined keFe; distance inB is also

nonbonding (3.62 A). It is 0.42 A longer than the corre-
sponding distance iA?", a difference which may reflect in
part the greater coordination number (and “crowding”) of

the two Fe atoms in the IreFe; pair of B. The DFT opti-
mized structure of the oxidized [(Etat)Mo(py)FeSs(L)s]>"
clusterB?* (Table 2) also shows the expected shortening of in A and B are rather weak and may allow for unusual
the long Fe-Fe distance (from 3.62 to 2.82 A). This distance structural flexibility in these clusters.

again is longer than the 2.59 A distance observed in cluster The DFT optimized structure for the reduced [(Cat)-

A and is very likely due to the difference in coordination

numbers between the corresponding Fe pairs.

In general, the DFT-calculation-optimized structures (with
BP86) show slightly longer M S distances and either longer
or shorter M-M distances than the crystallographically

State 3pm N N N kI
a - a' e a' *
2e”
a" 4 al e ' —> a" Ay an A
P S L B Sy
Fe;-Fe; 2.72 2.55 3.38 3.21 2.61

AE (kJ/mol) 0.0 5.89 10.03 0.0 53.81

Figure 2. Schematic representations of the HOMO and LUMO shells of
the neutral and reduced forms Afin singlet and triplet states. Molecular
orbitals of & symmetry are FeFe antibonding. Molecular orbitals of a
symmetry are FeFe bonding. The FeFe distances of the FeFe; pair

in different states reflect the nature of theand & orbitals Pictorial
representations of HOMO and LUMO orbitals have been deposited.

State TAr IAn B I\
a" . a'+_ avo
a' 4_+ a" + e a' +— PO
I | — AN
BT S
Fe,-Fe; 3.57 3.96 2.82 3.56
AE (kJ/mol) 0.0 52.89 0.0 32.42

Figure 3. Schematic representations of the HOMO and LUMO shells of
the neutral and oxidized forms &. Molecular orbitals of & symmetry
are Fe-Fe antibonding. Molecular orbitals of aymmetry are FeFe
bonding (see also Figure 2 caption). Pictorial representations of HOMO
and LUMO orbitals have been deposited as Supporting Information.

molecule with singly occupied, bonding)gand antibonding
(") molecular orbitals and an optimized jFd-e; distance

of 2.72 A. A singlet state, with a bonding HOMO of a
symmetry, is only 5.9 kJ higher in energy with an optimized
Fe—Fe; distance of 2.55 A. An additional singlet state, with
an antibonding HOMO of 'asymmetry at 10.0 kJ higher
than the triplet ground state, is associated with an optimized
Fe—Fe; distance of 3.38 AConsidering that the calculations
are performed for the isolated molecules “in vacuo”, any of
the states shown in Figure 2, for the neutral 6CkisterA,
could be “reached” readily by ordinary low energy environ-
mental perturbations. Similarly, for the oxidized 60atuster
B2*, the triplet ground state with an FeFe; distance of
2.82 A is within 32.4 kJ mot! from a singlet state with an
Fe—Fe; distance of 2.61 A (Table 2, Figure 3). These large
differences in Fe-Fe; distances, for states quite similar in
energy, lead to the following conclusion: +Ee interactions

Mo(py)FeSs(COu(P'Prs)s)2~, A2, cluster and the subse-
guent elongation of one of the F&e distances (Table 1,
Figure 2) shows an interesting change in the coordination
modes of the two terminal CO ligands bound to the central
Fe atom. Each of these COs approaches the four-coordinate

determined ones. These differences, often no greater tharFe, and Fg atoms and assumes a nearly bridging coordina-
0.05 A, are hardly significant. The data in Table 1 show tion (Figure 4). This structural change, that remains to be

(Figure 2) a triplet ground state calculated for the nelAral

established crystallographically, is the result of the-Hes;

Inorganic Chemistry, Vol. 43, No. 10, 2004 3227
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: Calculated Calculated Table 3. Structure Optimizations of with S, Se, and Te as
>< 1 Singlet State
' >< >< X=S X=Se X=Te X=S
"\\‘ﬁ\/‘ ; A , . (DFT)  (DFT)  (DFT) (X-ray)
% 9 \‘& ‘\iga\ Fe(1)-X(1) 2.27 2.40 2.63 2.196(1),
\. o ' o 2.208(2)
Fe(1-X(2) 2.19 2.32 2.53 2.190(2)
Fe(2-X(1) 2.33 2.43 2.61 2.292(9)
¢ Fe(2-X(2) 3.79 3.90 4.07 3.842(9)
' Fe(1)-Fe(2) 2.48 2.47 2.43 2.600(8)
.47?11. Fe(1)-Fe(3) 2.55 2.58 2.62 2.590(5)
Fe(1-X2—Fe(3) 712 67.8 62.5
‘/"'1 '};‘H‘ Triplet State
X=5 X = Se X =Te
Fe-Fe Fe-Fe Co-Co (DFT) (DFT) (DFT)
248,248 248, 2.48 2.49, 2.49 Fe(1)-X(1) 2.28 2.42 2.63
255 3.21 3,30 Fe(1y-X(2) 2.20 2.32 2.51
Fe(2)-X(1) 2.36 2.46 2.65
MoFe,S,L MoFe,S,L.]* MoCo,S Fe(2)-X(2) 3.72 3.80 4.00
60:'3 7 [ 62‘;_3L7] 6?::' sbe Fe(1)-Fe(2) 2.52 2.49 2.48
Fe(1)-Fe(3) 2.72 2.77 2.81
) Fe(1)-X2—Fe(3) 76.3 73.2 67.9
A A* A(Co)

Figure 4. Two views of the crystallographically determined structure of
[(Cl4-cat)Mo(py)FeSs(COu(P'Prs)3], A, and the hypothetic#?~ and [(Ch-
cat)Mo(py)CaSs(CO(P"Prs)3] clusters. The trimetallic, triangular bases

of these clusters show the structural changes occurring upon reduction.

aDistances (A) and Fe(X2—Fe(3) angle for the singlet state, HOMO

= d, and the triplet state, HOMG&- &a'.

show invariance in the CeCo distances. The latter, for the
three different E atoms, vary from 2.79(S) to 3.06 (Te) A

and show no MM bonding interactions. The results
distance elongation that renders the Fe atoms’ coordinationpresented herein and the increase inM bonding interac-
unsaturation. The same type of bridging COs is found in tions, with a decrease in the overall number of valence
the optimized structure of the hypothetical {€ht)Mo(py)- electrons in organometallic clusters, are in concert with the
CosSs(L)7 cluster (Figure 4), which contains Co atoms in pioneering structural studies of Dahl and co-workers nearly
place of Fe and consequently additional valence electrons.four decades ag®.
The Fe-Fe attractive (bonding) interactions that emerge from  In conclusion, the [MoFsS;] cores in clustersA and B
crystallographic structure determinations and DFT calcula- with 60 e and 62 €, respectively, show FeFe bonding
tions are further supported in calculations where the S interactions. These interactions are weak, but persistent.
bridging ligands in the MoFs; clusters are replaced by Se  Differences in coordination numbers and geometries for the

or Te atoms. The optimized structures for the Msike
clusters (E= Se, Te) show nearly identical F&e distances

Fe atoms iPA andB allow for the localization of bonding
or antibonding effects within a pair of Fe atoms as the 3Fe

(Table 3) with mean values around 2.50 A. This is quite triangular units in these clusters interconvert between

significant considering the differences in thef® Fe-Se,

equilateral and isosceles geometries. The close energy

and Fe-Te bonds which have average values of 2.27, 2.40, separations between states, with widely different-Fe

and 2.63 A, respectively. As expected, the-S&-Fe and
Fe-Te—Fe angles at 68and 63 are quite acute and
apparently strained. In the [Sres]*~ dimer2* which contains
edge-sharing tetrahedral SnTénits, and Sa-Sn bonding
is not expected, the SiTe—Sn angles are 85 The
invariance of the FeFe distances on the replacement-S
Se, Te can be rationalized as a result of bonding e
interactions, particularly for FeFe distances close to those
in Fe metal. Resistance to extension of thgpgdlyhedra in
[M¢Eg(CO)] clusters (M= Cr, E= S, Se, Te) previously
has been consider&dndicative of (relatively weak) inter-
metallic bonding. In these clusters, the-@r distances were
calculated at 2.47, 2.52, and 2.60 A for=ES, Se, and Te,

respectively. Interestingly, and as expected, the corresponding
Co clusters (with 18 additional valence electrons) did not (24)

(21) Dehnen, S.; Zimmermann, C.; Anson, C.Z.Anorg. Allg. Chem.
2002 628 279.

(22) Fan, P.-D.; Deglmann, P.; Ahlrichs, hem. Eur. J2002 8, 1059-
1067.

3228 Inorganic Chemistry, Vol. 43, No. 10, 2004

distances (Figures 2 and 3), show that steric changes, if
needed for specific reactivity, may occur readily with a
minimum expenditure in energy.

The results presented herein may be of some relevance to
the nitrogenase problem. Weak-Hee bonding interactions
of the type described above also are present in the MaFe
core of the nitrogenase cofactbt®and could play a role in
the activation and reduction of dinitrogen.
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