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The X-ray absorption spectra at the molybdenum and selenium K-edges and the tungsteges are acquired

for a set of 14 Mo(IV) and W(IV,VI) bis(dithiolene) complexes related to the active sites of molybdo- and
tungstoenzymes. The set includes square pyramidalVIM8,C,Me,);]~ (L = 0%, RsSiO~, RO™, RS, RSe)

and WY (OR)(SC:Me),]~, distorted trigonal prismatic [M¥(CO)(SeR)(8C:Me;),] ~ and [WY(CO)L(S;CaMey)s] ~

(L =RS", RSe), and distorted octahedral N\O(OR)(SC:Me)z] ~. The dithiolene simulates the pteridithiolene
cofactor ligand, and L represents a protein ligand. Bond lengths are determined by EXAFS analysis using the
GNXAS protocol. Normalized edge spectra, non-phase-shift-corrected Fourier transforms, and EXAFS data and
fits are presented. Bond lengths determined by EXAFS and X-ray crystallography age@0® A as do the

M—Se distances determined by both metal and selenium EXAFS. The compleX$6RISCoMe;);] ~ simulate

protein ligation by the DMSO reductase family of enzymes, including DMSO reductase itselXQdissimilatory

nitrate reductase (& S), and formate dehydrogenase €QSe). Edge shifts of these complexes correlate with

the ligand electronegativities. Terminal ligand binding is clearly distinguished in the presence of feur Mo
S(dithiolene) interactions. Similarly, five-coordinate [ML(SMe,),] ~ and six-coordinate [M(CO)L(@#Mez),] ~

are distinguishable by edge and EXAFS spectra. This study expands a previous XAS investigation of bis(dithiolene)-
metal(V,V,VI) complexes (Musgrave, K. B.; Donahue, J. P.; Lorber, C.; Holm, R. H.; Hedman, B.; Hodgson, K.
0.J. Am. Chem. S0d999 121, 10297) by including a larger inventory of molecules with variant physiologically
relevant terminal ligation. The previous and present XAS results should prove useful in characterizing and refining
metric features and structures of enzyme sites.

Introduction formate dehydrogena¥e!depicted in Figure 1. The structure
8f the oxidized site of the DMSOR d&thodobacter sphaeroides
IS that recently obtained by Schindelin and co-workeits1.3

A resolution. While the matter has not been clarified, this
structure may also apply to the DMSOR &hodobacter
capsulatugor which seven-coordinate Mband six-coordinate
MoV sites have been deduced from crystallographyand
XAS.1 Structures obtained from EXARS!5for certain forms

Recent research in these laboratories has been directed towar
the development of structural and functional analogues of the
active sites of molybdd-2 and tungstoenzymésThese sites
contain a single metal atom coordinated by one or two pterin
dithiolene cofactor ligands as shown in Figure 1, with additional
coordination by protein side chains and/or exogenous ligands.
In the initial phase of this work, we have concentrated on the
sites present in the DMSO reductase (DMSOR) family of

(7) George, G. N.; Hilton, J.; Rajagopalan, K. ¥. Am. Chem. Soc.

enzymes as defined under the Hille classificaioRrotein 1996 118 1113,

crystallography and X-ray absorption spectroscopy (XAS) have (8) George, G. N.; Hilton, J.; Temple, C.; Prince, R. C.; Rajagopalan, K.
afforded the structures of the oxidized (Mp and reduced V. J. Am. Chem. S0d.999 121, 1256.

(Mo") sites of DMSORE8 dissimilatory nitrate reductaend (9) Dias, J. M. Than, M. E.; Humm, A.; Huber, R.; Bourenkov, G. P;

Bartunik, H. D.; Bursakov, S.; Calvete, J.; Caldeira, J.; Carneiro, C.;
Moura, J. J. G.; Moura, |.; Rofoa M. J. Structure1999 7, 65.

T Stanford University. (10) Boyington, J. C.; Gladyshev, V. N.; Khangulov, S. V.; Stadtman, T.
*Harvard University. C.; Sun, P. DSciencel997 275, 1305.
§ Stanford Synchrotron Radiation Laboratory. (11) George, G. N.; Colangelo, C. M.; Dong, J.; Scott, R. A.; Khangulov,
(1) Hille, R. Chem. Re. 1996 96, 2757. S. V.; Gladyshev, V. N.; Stadtman, T. @. Am. Chem. Sod 998
(2) Romi@, M. J.; Knalein, J.; Huber, R.; Moura, J. J. ®rog. Mol. 120, 1267.
Biophys. Mol. Biol.1997, 68, 121. (12) McAlpine, A. S.; McEwan, A. G.; Shaw, A. L.; Bailey, S. Biol.
(3) Kisker, C.; Schindelin, H.; Rees, D. @nnu. Re. Biochem.1997, Inorg. Chem.1997, 2, 690.
66, 233. (13) McAlpine, A. S.; McEwan, A. G.; Bailey, S. Mol. Biol. 1998 275
(4) Johnson, M. K.; Rees, D. C.; Adams, M. W. @hem. Re. 1996 613.
96, 2817. (14) Baugh, P. E.; Garner, C. D.; Charnock, J. M.; Collison, D.; Davies,
(5) Schindelin, H.; Kisker, C.; Hilton, J.; Rajagopalan, K. V.; Rees, D. E. S.; McAlpine, A. S.; Bailey, S.; Lane, |.; Hanson, G. R.; McEwan,
C. Sciencel996 272 1615. A. G. J. Biol. Inorg. Chem1997, 2, 634.
(6) Li, H.-K.; Temple, C.; Rajagopalan, K. V.; Schindelin, Bl. Am. (15) George, G. N.; Costa, C.; Moura, J. J. G.; Moural. lAm. Chem.
Chem. Soc200Q 122, 7673. Soc.1999 121, 2625.
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Figure 1. Schematic structures of the reduced and oxidized sites of members of the DMSO reductase enzyme family. The oxo ligand may be
protonated under certain conditions. Also shown is the symmetrical binding of the-pdéfiiolene cofactor ligand (R is absent or is a nucleotide)
to an M= Mo or W atom.

of formate dehydrogenase involving selenosulfiti@olate encompass those indicated in Figure 1. We have reported a
ligands are not included in Figure 1, which contains those sites detailed XAS study of molybdenum and tungsten bdt complexes
for which analogues have been sought by synthesis. Much lessof the foregoing type! Here we describe the results of a similar

is known about the catalytic sites of tungstoenzymes. Two study at the molybdenum K-edge and the tungstggddges
enzymes examined crystallographically, aldehyde ferredoxin for the Md¥ complexesl—8 and the WV' complexes9—14,
oxidoreductasé and formaldehyde ferredoxin oxidoreductdse ~ whose structures are schematically depicted in Figures 2 and
(both fromPyrococcus furiosyscontain two pterir-dithiolene 3, respectively. Also reported are results obtained at the selenium

ligands and one or two unidentified oxygenous ligands. K-edge. As in our previous study the principal purpose is to
We have reported the syntheses and structures of complexeprovide edge and EXAFS data that will prove useful in
of the types [M& O(bdt)]2-, [Mo'V(OSiRs)(bdt)]~, [MoVO- characterizing oxidation states in and structures of enzyme sites

(bdt)y]~, and [MJ"O(OSiRy)(bdty]~ (bdt = benzene-1,2- that resemble those of fully characterized analogue complexes.
dithiolate)!® Here bdt and silyloxide are intended to simulate In the sections which follow, complexes are designated numeri-
pterin—dithiolene symmetrical chelation and serinate binding, cally according to Chart 1.
respectively, in the enzymes. In the course of this and more
recent work, we have prepared where possible the correspondingexperimental Section
tungsten complexé$in the event that their coordination units ) .

Preparation of Compounds.Compounds containing complexis

appear in enzymes. Morg recently, we have incorporated theand3714were prepared by methods described in the references cited
dimethyldithiolene ligand in analogue complexes of molybde- in Chart 1

0 22 i i
”“”?2 _and tungSF& t(.) provide an eI_eCtronlcaIIy more (EtaN)[Mo(OSiPh,But)(S:C:Mey),]. An orange-brown solution of
realistic coordination environment and to impré¥the rather 94 mg (0.15 mmol) of (EN);[MoO(S:CMex);] in 5 mL of aceto-

sluggish oxo transfer reactivity of bdt complexes with biological pitrile was treated with 38L (0.15 mmol) of BiPh,SiCl. The reaction

and other substraté&!® The methods of synthesis allow the mixture was stirred for 3 h, generating a dark brown solution. The
inclusion of a variety of terminal (non-dithiolene) ligands which  solvent was removed in vacuo, and the brown residue was dissolved
in a minimal volume of acetonitrile/THF (1:5 v/v). The solution was
(16) Chan, M. K.; Mukund, S.; Kletzin, A.; Adams, M. W. W.; Rees, D. filtered, the filtrate was taken to dryness, and the residue was dissolved

C. Sciencel995 267, 1463. in a minimal volume of acetonitrile. Several volume equivalents of
) BHUIY Ié;gl:aggméga Roy, R.; Adams, M. W. W.; Rees, DJCMol. ether were introduced by vapor diffusion over 2 d. The product was
(18) 5%hahu2, 3. ?3,; Gdldsmith, C. R.: Nadiminti, U.: Holm, RJHAM. @solated by decanting the supernatant, washing with ether, and qlrying

Chem. Soc1998 120, 12869. in vacuo to afford the product as 78 mg (70%) of dark brown micro-
(19) Lorber, C.; Donahue, J. P.; Goddard, C. A.; Nordlander, E.; Holm, crystals. UV-vis (acetonitrile): Amax (em) 341 (14 900), 393 (4520),

R. H.J. Am. Chem. S0d.998 120, 8102. 465 (1740), 553 (533), 655 nm (sh, 2445 NMR (CDsCN, anion):

(20) Lim, B. S.; Donahue, J. P.; Holm, R. Hhorg. Chem200Q 39, 263. 0 0.76 (s, 9), 2.48 (s, 12), 7.25 (m, 2), 7.31 (m, 1), 7.46 (m, 2). Anal.

(21) Goddard, C. A.; Holm, R. Hnorg. Chem.1999 38, 5389.

(22) Sung, K.-M.; Holm, R. HInorg. Chem.200Q 39, 1275.

(23) Lim, B. S.; Sung, K.-M.; Holm, R. HJ. Am. Chem. So@00Q 122, (24) Musgrave, K. B.; Donahue, J. P.; Lorber, C.; Holm, R. H.; Hedman,
7410. B.; Hodgson, K. OJ. Am. Chem. S0d.999 121, 10297.
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Figure 3. Schematic structures and selected mean bond lengths of
bis(dithiolene)tungsten(lV,VI) complex@&s-14 as determined by X-ray
crystallography.
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S—Mo—sg \ 2 Chart 1. Designations of Complexgs
Me—/ﬁs/ \SiMe Me—/ﬁs /MO\S Me [Mo"™ O(S,C:Me;),J* 1%
Me 7 Me Me S S Me [Mo™¥(OSiBu’Ph,)(S,C,Me,),] - 2
Mo-Se 2.439 A Mo-S232A  Mo-Se 2.580 A Mo-S 2.36 A [Mo"(2-AdO)(S,C:Me,),] 3
Mo-C 2.021 A [Mo"(OC4H,Pr';)(S:C2Pha)s] - 4
Figure 2. Schematic structures and selected mean bond lengths of Mo™(2-AdS)(S,C;Me,),] - 5%
bis(dithiolene)molybdenum complexes as determined by X-ray crystal- [Mo™(SCH,Pr,)(S,CoMey),] - 62
lography for complexe4 and3—8. The crystal structure fo2 is not . ) 25
known, and this structure is based on the EXAFS determination in the [Mo™(2-AdSe)(S,C,Mey),] 7
current paper, with distances given in Table 1. [Mo™(CO)(SeCeH,Pr;)(S,C:Me»),] © 8%
[W"(OPh)(S:C:Mey);] - 9
Calcd for GsHs7sMONOS,SI: C, 55.33; H, 6.42; N, 1.90; S, 17.38; Si, . . 26
3.81. Found: C, 55.28; H, 6.35; N, 1.96; S, 17.40; Si, 3.88. (W (2-AdO)SCoMea] 10
XAS Sample Preparation. The solid samples were ground into a [WY(CO)SCsHPr)(S:CMep)] © 1”
fine powder in an inert atmosphere (dinitrogen) glovebox and diluted [WY(CO)(SePh)(S,C:Me,),] - 122
with boron nitride to maintaim\ux < 1 and prevent self-absorption. [W™(CO)(SPh)(S,CoMe,)] 132
The mixture was pressed into a pellet and sealed between.#3.5 T
Mylar tape windowsn a 1 mmaluminum spacer. The samples were [WY'O(OPh)(S,CoMey)a] - 147

frozen in liquid nitrogen immediately upon removal from the glovebox
and maintained at this or a lower temperature throughout storage and

data collection. _ simultaneous measurement of absorption edges of the corresponding
XAS Data Collection. XAS data for all samples were measured at  glemental foil (powder) placed between a second and third ionization

the Stanford Synchrotron Radiation Laboratory (SSRL) on unfocused champer. The first inflection point of the selenium powder spectrum

beamline 7-3 under ring conditions of 3.0 GeV and-100 mA. A was assigned to 12 658.0 eV, and that of the molybdenum spectrum,

Si(220) double-_crystal monochromator was utilized for energy selection f4i| to 20003.9 eV. The first inflection point of the tungsten foil

at the respective edges (Se and Mo K-edges, Wddges). The  gpectrum was assigned to 11 540.0 eV for the ¥étige and 10 202.0

monochromator was detuned 50% at 13 776 eV (Se K-edge), 21549V for the W Ly-edge. The data represent averages of three to five

eV (Mo K-edge), 11 868 eV (W Ledge), and 11 326 eV (Wstedge) scans for each sample.

to minimize contamination from higher harmonics. An Oxford Instru- XAS Data Analysis. The data analysis was performed using the ab

ments CF1208 continuous-flow liquid helium cryostat was used 0 jnitio GNXAS method. The theoretical basis for the GNXAS approach

maintain a constant sample temperature of 10 K. Data were collected anq its fitting methodologies have been described in detail else@hete.

in transmission mode with argon (Mo K-edge) or dinitrogen (Se K-edge

and W L-edges) as the absorbing gas. The XAS data were measureqsy | jm, B. S.; Holm, R. HJ. Am. Chem. Sacsubmitted for publication.

to k=20 A-! (Mo K-edge) k = 9 A~* (W Lo-edge), ank = 17 A~* (26) Sung, K.-M.; Holm, R. H.J. Am. Chem. Soc.submitted for

(Se K-edge and W 4-edges). Internal calibration was performed by publication.

a2-Ad = 2-adamantyl.
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The program code generates theoretical EXAFS signals on the basis
of an initial structural model. For the analysis reported here, the
crystallographic coordinates for the corresponding comptées25.26

were used to generate an initial structural model up to a distance cutoff
of 5.0 A. Phase shifts were calculated using the standard muffin-tin
approximation to calculate the individual two- and three-body EXAFS
signals. A model EXAFS spectrum was constructed by combining the
individual component signals and an appropriate background. This
model was then fit to the averaged raw absorption data by a least-
squares minimization program that uses the MINUIT subroutine of the
CERN library. Background subtraction was performed by applying a
flexible three-segment spline which was refined in the GNXAS fits.
The quality of the fit was calculated by the least-squares resigual
and monitored by visual inspection of the fits to the data and their
Fourier transforms (FTs) and of the residual EXAFS signal and its FT.
The structural parameters varied during the refinements were the bond 0.20 |
distance R) and the bond variances¢?)? in the case of a two-body
signal and the two shorter bond distané&sand R;, the intervening
angle 0), and the six covariance matrix elements for a three-body

1.00 |
0.80 |
0.60 |

0.40 |

Normalized Absorption

0.00 &

signal. The nonstructural paramet&sand S? were varied, whereas . U —

T'c (core hole lifetime) andt, (experimental resolution) were kept fixed 0.01 ;9980 20000 20020 20040 20060 20080
to physically reasonable values throughout the analysis. The coordina-

tion numbers were set to the values determined by X-ray crystal-

lography. All parameters were varied within a preset range, and all 0.010

results were checked to ensure that values obtained did not reach the
high or low points of these fitting ranges. The molybdenum data were
fit over thek range 3.5-19.5 A-1, and the selenium and tungsten data
over thek range 3.5-17 AL,

LIS B B B R S B e B B S S

Results

Edges. (a) Molybdenum K-Edges.The edge data for
molybdenum complexe3; 5, and7 containing the ligand 2-AdQ
(Q=0, S, Se) are shown in Figure 4 together with their second
derivatives. While the formal oxidation state remains the same
in all three complexes, there is a shift in the edge position
consistent with the relative electronegativity of the ligand.
Complex3 (AdO) is shifted~1.4 eV higher in energy compared
to 7 (AdSe), with5 (AdS) in an intermediate positiony0.4
eV lower than7. The numbers, intensities, and positionsofthe  gg15 Lo v v v 0 v v v v 0 v 0 v v v e i v v i w00
transitions superimposed on the rising edge show variations that 19990 20000 20010 20020 20030 20040
can be more clearly seen in the second-derivative spectra. The Energy (eV)
edge structure consists of thre®) or four (5, 7) transitions. Figure 4. Normalized Mo-K edge spectra of [Mg2-AdO)(SCx-

All three complexes have one transition between 20 002 and Mey);]~ (3, —), [Mo"(2-AdS)(SC.Mez)s]~ (5, ---), and [MdY(2-

20 004 eV and one between 20 014 and 20 015 eV. Both of AdSe)(SC:Mey)2]~ (7, +++) with the corresponding second-derivative
these transitions show a shift consistent with the electronega-spectra shown below. See text for a detailed description of the edge
tivity of the AdQ ligand, with the transitions o8 shifted to ~ Structure.

highest energy. The largest differences occur in the region Complexesl—4 contain one oxygen ligand, multiply bound
between 20 023 and 20 031 eV, wheBeexhibits a single  in oxo complex1 and singly bound ir2—4. As previously
transition at~20 030 eV and and7 show two lower intensity shown?243031the presence of a MeO bond dramatically
transitions at 20 023 and 20 031 eV (transitions are less resolvedaffects the intensity of the transition-a20 008 eV and is often

in 7). The differences must result from variation of the AdQ used to identify the presence and number of oxo groups in a
ligand (Q= O, S, Se), as these square pyramidal complexes given molecule (see Supporting Information, Figure S1). For
are otherwise structurally analogous. These molecules thus allowcomplexes2—4, there are no significant differences in the
us to investigate the effect of different terminal ligand types on positions, numbers, or intensities of the transitions superimposed
XAS edge features and represent an important set of complexesn the rising edge. (Slight variations in intensity are attributed
for our studies aimed at establishing fingerprints of the DMSOR to different ligand structures). The same is true for complexes
family of enzymes. The active sites of these enzymes have a5 and6, both containing five sulfur ligands, as their edges are
single protein ligand bound to the molybdenum atom, the superimposable (Figure S2 (Supporting Information)). This
identity of which distinguishes the sites (Figure 1). The variation behavior is expected, as the edge is more sensitive to changes
of the terminal ligand ir8, 5, and7 correlates with changes in  in the ligating atom type than to other ligand structural
the protein ligand. differences further removed from the photoabsorber.

Differences between selenolate complexésand 8 are
attributed to a change in coordination number from 5 to 6. The

o
8
=]

Second Derivative

-0.005

-0.010

(27) Filipponi, A.; Di Cicco, A.; Tyson, T. A.; Natoli, C. RSolid State
Commun.1991 78, 2265.
(28) Filipponi, A.; Di Cicco, A.; Natoli, C. RPhys. Re. B 1995 52,

15122. (30) Kutzler, F. W.; Natoli, C. R.; Misemer, D. K.; Doniach, S.; Hodgson,
(29) Westre, T. E.; Di Cicco, A.; Filipponi, A.; Natoli, C. R.; Hedman, K. O. J. Chem. Physl98Q 73, 3274.
B.; Solomon, E. I|.; Hodgson, K. Ql. Am. Chem. Sod995 117, (31) Kutzler, F. W.; Scott, R. A.; Berg, J. M.; Hodgson, K. O.; Doniach,

1566. S.; Cramer, S. P.; Chang, C. Bl. Am. Chem. So0d.981, 103 6083.
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Figure 5. Normalized Mo-K edge spectra of [Mg2-AdSe)(SC»- ] ) ay (V)
Mey)s]~ (7, —) and [MdY(CO)(SeGH:Pr3)(S:CaMez)2] ™ (8, +++) with Figure 6. Normalized W-L; edge spectra of [W(2-AdO)(SCMe);] ™

the corresponding second-derivative spectra shown below. Significant (10, =), [W"(CO)(SGH:Pr3)(S:C.Mey)s] ~ (11, —-—), [WV(CO)(SePh)-

differences can be seen resulting from the presence of a CO ligand in(S:C-Me2)2] ~ (12, - - -), and [W!'O(OPh)(SC:Me,)2]~ (14, -++). These

8, as discussed in the text. spectra show a relatively featureless rising edge with a very intense
peak or “white-line” which is correlated to the unfilled d valence states.

presence of a CO ligand Bidoes not affect the position of the Data for9 and13 are omitted for clarity, as they are identical to those
for 10 and11, respectively.

edge but does lead to significant changes in the shapes, numbers,

and_intensities of the tra_nsitions superimposed alon'g it’_ as SEery yery intense peak or “white-line” that is correlated to unfilled
in Figure 5. As clearly displayed by the second derivative, the 5y \aience states. These peaks are due to a strong dipole-
first tranosmon 0.f8 IS s_h|fted to lower energy by-2 eV and allowed, bound state transition from thezgpnitial state to
has~75 /0. less Intensity. The se_cc_)nd t_ransnmnE_;dﬁas about vacant 5d orbitals. Spectra of four complexes are presented in
the same intensity as that 8fbut it is shifted to higher energy  iq ve 6. The overall shapes and intensities of these peaks are
by ~2 eV and the peak has become more broad, as a shouldeg;n,jar for all of the complexes, with a slightly broader peak
has appeared. The two transitions between 20 023 and 20 03](~0_3 eV fwhm) for the six-coordinate complexts—14. There
ev fqr_ 7 are absent in the case 8f which exhibits a third are very minor shifts in the edge positions for complex@s
transition centered at 20. 035 eV, & 13, which appear related to ligand electronegativities. There is
In our previous work with bdt complexésyve observed that 5 |rge shift in the position of the edge fi# relative to the
the type of dithiolene Il_gand should have little effect on_the others, consistent with a change in oxidation state frof 4/
molybdenum edge and its features. Complaxas preparedin = \\vi_The trends seen in thesledges are also observed in the
order to examlne.that point. Trje nearly supenmposable edgeSLz-edges (data not shown) which result from a strong dipole-
of 2 and [MO(OS'BGPhZ.)(bdt)Z] (_Sh_own pr_ewousl@f‘) are a allowed bound state transition from thej2pinitial state to
satisfactory demonstration that dithiolene ligangs§e, and vacant 5d orbitalg2
bdt are indistinguishable from an XAS-edge standpoint (Figure (c) Selenium K.-Edges The selenium K-edge spectra of
S3 (Supporting Information)). '
(b) Tungsten L-Edges. The tungsten k-edge spectra of  (33) Lye, R. C.; Phillips, J. C.; Kaplan, D.; Doniach, S.; Hodgson, K. O.
complexe®9—14 show a relatively featureless rising edge with Proc. Natl. Acad. Sci. U.S.A98Q 77, 5884.
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Figure 7. Normalized Se-K edge spectra of [M{2-AdSe)(SCx- . . .
Mez)]~ (7, =), [MoV(CO)(SeGH:Pr3)(S:C.Me2)z]~ (8, - --), and Figure 8. Comparison of the non-phase-shift-corrected Mo K-edge

[WV(CO)(SePh)(§:Mes),]~ (12, -++), with the corresponding second-  Fourier transforms of [ME(2-AdO)(SC:Me,),]~ (3, —), [Mo"(2-

derivative spectra shown below. See text for detailed description of AdS)(SCMez)]” (5, - - -), and [Md’(2-AdSe)(SC:Mey)z] ™ (7, -+*)
the edge structure. (top), [M0"V (2-AdSe)(SCMey);]~ (7, —) and [MdY(CO)(SeGH.Pr3)-

(S:CoMez)2] ™ (8, - - -) (middle), and W k-edge Fourier transforms of
[WY(OPh)(SC.Mez)] ~ (9, —), [WV(2-AdO)(SCMe2)z]~ (10, - - -),

complexes?, 8, and12 are shown in Figure 7 together with ~and [W'O(OPh)(SC:Mez)z] ™ (14, ++) (bottom).
their second derivatives. Complex8sand 12, with aromatic
selenolate ligands, are structural molybdenum and tungstendistance trends seen in the FTs agree with those determined by
analogues. There is no shift in the energy position for the main X-ray crystallography. While distances cannot be directly
transition around 12 661 eV, as measured by the first inflection determined from FTs, owing to uncertainty in phase shift
point of the two spectra. However, on the high-energy side, the corrections and interference effects, they clearly visualize the
data for8 are characterized by one well-resolved feature, while various frequency components that contribute to the overall
those for12 show two overlapping features of low intensity. EXAFS wave. The Fourier transforms of complex&s$ and
This difference is most likely due to the type of metal 7, all containing the 2-AdQ ligand (& O, S, Se), have one
backscatterer. The edge férshows a main transition that is  main peak that shows variation in both intensity and position,
shifted to lower energy by-1 eV, with the most prominent  as seen in Figure 8 (top panel). The peak intensity is highest
differences relative t@ being the sharp reduction in intensity for 5, which contains five equidistant MeS bonds. The
for this transition and the proximity of a second higher energy positions of the peak are similar f& and 5; however, the
transition at~12 665 eV of similar intensity. There are two intensity is~30% lower for3. This behavior results from both
differences betweernand8: the presence of a carbonyl ligand a smaller number of sulfur ligands and the presence of a lighter
(8), which will influence the electronic structure of the selenium oxygen ligand in3, whose EXAFS contribution destructively
atom, and aliphatic vs aromatic selenolates. In the absence of anterferes with the Me-S wave. For7, this single peak has
more extensive database, we are unable to relate edge differencespproximately the same intensity but is slightly broader and
to these factors. has shifted to a highdR value by~0.15 A, an effect attributed

Fourier Transforms. (a) Molybdenum K-Edge. The bond to the presence of a longer M&e interaction in addition to
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( ) Figure 10. Individual EXAFS contributions and total EXAFS signals
Figure 9. Individual EXAFS contributions and total EXAFS signals  (—) compared with the experimental Mo K- and W-&dge EXAFS
(—) compared with the experimental Mo K- and W-&dge EXAFS data (- - -) for [Md¥(OCsH,Pr3)(S:CoMez)2]~ (4, top) and [WY(CO)-

data (- - -) for [Md¥O(SC:Mez);]~ (1, top) and [WY(2-AdO)(SC- (SPh)(SC:Mey),] ~ (13, bottom). (The ordinate scale is 15 units between
Mez)2]~ (10, bottom). (The ordinate scale is 15 units between tick tick marks.)
marks.)

an additional low-intensity peak visible above the noise level
the Mo—S interaction. The distance separation between theseat about 3.2 A2) and 2.9 A @). The EXAFS results discussed
two interactions broadens the peak but is not large enough tobelow show that these features result from nearly linear multiple-
result in two resolvable peaks in the FT. scattering interactions involving the M@—Si and Mo-O—C

A number of similarities exist between the other molybdenum pathways in2 and 4, respectively.

complexes and those containing the 2-AdQ ligand. When  There are no significant differences in the peak intensities or
differences are seen, they are mainly a result of the unique fifth positions for5 and6, both of which contain five sulfur ligands
ligand or the presence of a sixth ligand. Several differences areat similar distances. A number of differences exist between the
seen in the FTs of oxygen-containing complede®, and 4 two selenolate complexes and 8 (Figure 8, middle panel).
when compared to that & (Figure S4 (Supporting Informa-  Complex8 is six-coordinate and contains a carbonyl ligand in
tion)). The FT ofl shows an additional peak atl.4 A, resulting a linear M—CO arrangement, which, in addition to contributing
from the presence of a short M® bond. The main peak is  to the first peak in the FT, gives rise to a low-intensity multiple-
shifted to a higheR value and has a slightly decreased intensity. scattering feature at2.8 A. In addition, the greater separation
This behavior is attributed to the longer M& bond length between the Me'S and Mo-Se bond lengths (0.12 A7) and
and the noncontribution of the short M® interaction to this 0.22 A @), Figure 2) results in a splitting of the single peak of
peak, in contrast to the effect of longer MO interactions in 7 into two resolvable, less intense peaks &or
other complexes. Fa2 and 4, the intensities and positions of (b) Tungsten Ls-Edge. The FTs of the six-coordinate
the main peaks are similar to those3fhowever, both exhibit carbonyl complexed41—13 (Figure S5 (Supporting Informa-
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Figure 11. Individual EXAFS contributions and total EXAFS signals
(—) compared with the experimental EXAFS data (- - -) forY{CO)-
(SePh)(8C:Me,)2]~ (12): (top) W Ls-edge EXAFS; (bottom) Se K-edge

P 1W-C

4W-8

1 W-Se

-“/\/\/\/\/\/\/\/\/\

1W-C-O
/\/\/\/\N\/\/\/\/\M

data + fit

residual

B 1 Se-C

1 Se-W

3 Se-C
W N P N N M e

data + fit

o,

residual

14 16

10 o 12
k(A™)

EXAFS. (The ordinate scale is 15 units between tick marks.)

tion)) all contain two peaks, an intense feature centereeRzld

A (resulting from W-C, W—S, and W-Se ligations) and an
80% less intense feature at2.9 A (attributed to multiple
scattering from the CO ligand). The intensity ratio of the two
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results from slightly different interference patterns between the
three waves contributing to the Fourier transform. These
complexes do not exhibit any other peaks resolvable above the
noise level, and multiple-scattering interactions were not found
to be important in the EXAFS analysis.

The Mo K- and W lz-edge FTs for structurally analogous
complexes such as the oxygen-containing get4( 9, 10) are
very similar in terms of peak positions and intensities. This is
expected, as the crystallographic bond distances (Figures 1 and
2) are within40.03 A of one another. Differences are seen
between selenium-containir®and 12, as the main peak &
has split into two distinct peaks. This is due to a combination
of the greater separation between the Md and Mo-Se
distances (0.22 A i as compared to 0.17 A if2) and the
largerk range of the data fo8, both of which result in better
resolution.

(c) Selenium K-Edge.The FTs of8 and12 are very similar
(Figure S6 (Supporting Information)). Both contain a |&peak
centered at-1.7 A resulting from a SeC bond and a second,
much more intense peak arising from-9do/W ligation. The
variation of~0.15 A in the positions of the second peak can
be attributed to differences in the phase shifts betweer\Be
(8) and Se-W (12), as the distances determined by X-ray
crystallography and the EXAFS analysis (vide infra) are quite
similar for both complexes. For, the intensity of the main
peak has increased by25% and the peak has shifted to lower
R, consistent with the presence of a shorter-B®® distance.
The resulting interference pattern between waves leads to less
destructive interference than seen &and12.

The FTs of the set of 14 molybdenum and tungsten complexes
serve as diagnostic indicators of the different coordination
spheres. While they are useful to visualize various frequency
components, a detailed EXAFS fitting analysis is required to
extract highly accurate metrical information.

EXAFS Analysis. GNXAS fits were performed by utilizing
phase and amplitude functions calculated from crystallographic
coordinates. EXAFS signals and fits for complexXest, 10,
12, and 13 are presented in Figures—Q1. Fits of other
complexes not shown are comparable to these (Figures S7 and
S8 (Supporting Information)). The quality of the data for all 14
complexes is very high, as judged by the low noise level at the
highk ranges of the data (an exception is noted in the case of
8, for which a high noise level prevented the usekaot 18
A-1 data). GNXAS fit results are summarized in Tables31
for molybdenum, tungsten, and selenium species, respeciively.
Our results show a variance &f0.02 A among bond lengths
determined by EXAFS and crystallography, including average
values for molecules in which two distinct&5 distances were
determined crystallographicall$,(11, 13, 14).

For clarity, fits are broken down into those containing only

peaks is the same for the three complexes, the only notablesingle-scattering interactiond, (3, 5-7, 9, 10, 14) and those

difference being the slightly broadened main peak 1@
resulting from the presence of a longer-\8e interaction in

addition to the W-S interaction.

The FTs of the structurally analogous oxygen-containing
complexes9 and 10 are superimposable, both having a single
peak at~1.9 A composed of both WO and W-S waves.
Differences betweef/10 and distorted octahedra# are seen
in the bottom panel of Figure 8. The FT &# contains two
peaks: a lowR peak at~1.4 A attributed to the short WO

that required both single and multiple scatteri2g4, 8, 11-

13). Oxygen-ligated complexeg, 3, 9, and 10 could be
accurately fit with inclusion of two waves, an-MD interaction
with a coordination number of 1 and an-\ interaction with

a coordination number of 4. Individual EXAFS contributions
and the total EXAFS signal compared with the experimental
EXAFS data forl and10 can be seen in Figure 9. The MO®
distance in compleA is much shorter than that of the other

bond not present in the other compounds and a second peak33) Attempts were made to fit distant scattering from carbon atoms of

that is shifted by 0.2 A and is slightly less intense relative to
the main peaks fo® and 10. The shift is consistent with the
longer W-S distance determined f@d. The decreased intensity

terminal ligands, as a small high-frequency beat pattern can be seen
in the EXAFS fit residual (Figures-810). Inclusion of longer single-

and multiple-scattering interactions did not lead to statistically
significant improvements in the fits.
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Table 1. GNXAS Fit Results of Mo K-Edge EXAFS Analysis

Mo—QP Mo—-S additional contributions
N RA) 2R N RA) o2(R? N R(A) 02(A? angle (deg) R
[MoVO(SCaMer)2)% (1) 1 171 0.001 4 240 0.002 0.1241077
[MoV (OSIiBUPH)(S:C:Me)z] ™ (2) 1 186 0001 4 235 0002 M®O-Si 1 348 0.002 175 0.860Q 1078
[Mo" (2-AdO)(SCzMez)z] ~ (3) 1 1.85 0003 4 235 0.002 0.1¥510°6
[Mo'V (OCsH,P3)(S:CoPhy)2] ~ (4) 1 184 0002 4 233 0.002 Me 4 333 0.003 0.478& 1077
Mo—-O-C 1 3.29 0.005 177
[Mo" (2-AdS)(SC:Me2)z]~ (5) 5 234 0.002 0.116 1076
[Mo'V (SGsH2Pr3)(S:CoMey),] ~ (6) 5 234 0.003 0.36% 1077
[Mo'V(2-AdSe)(SC:Mey)z] ~ (7) 1 246 0002 4 234 0.002 0.3861077
[MoV(CO)(SeGHaPr3)(S:CaMex)z = (8) 1 259  0.002 4 237 0.002 M 1 203 0.003 0.665 1077
Mo-C-O 1 3.8 0.006 178

a1n the fits, the following parameters were refineHs, $?, R, and the corresponding’ values as well as the six covariance matrix elements.
b Q refers to either Me-O or Mo—Se ligation in the corresponding complexes. Hyevalues varied less than 1 eV and &g values less than 0.05
over all fits reported. The coordination numbek§ (vere set to the values determined by X-ray crystallography.Ipl@d experimental resolution
parameters were fixed to physically reasonable values throughout the analysis. See text for definitions of the above-mentioned parameters.

Table 2. GNXAS Fit Results of W L-Edge EXAFS Analysis

wW—-QP W-S additional contributions
N RA) 2(A) N R@A) o2(A?) N R(A) 02(A2 angle (deg) R
W (OPh)(SC2aMe)]~ (9) 1 186 0001 4 233 0.002 0.92910°6
WV (2-AdO)(SC:Me,);]~ (10) 1 182 0003 4 234 0.002 0.66710°7
W (CO)(SGH:P1i3)($:CaMes)] ~ 11 5 239 0004 WC 1 200 0.001 0.36& 1076
wW-0-C 1 3.19 0.004 180
WV (CO)(SePh)(&:Mey)2] ~ (12) 1 255 0002 4 238 0004 WC 1 202 0.001 0.14% 10°6
wW-0-C 1 3.18 0.003 180
[WWV(CO)(SPh)(8CMez)2] ~ (13) 5 239 0003 WC 1 203 0.001 0.316 1077
w-O0-C 1 3.8 0.003 180
[WVIO(OPh)(SC:Me)]~ (14) 1 200 0004 4 243 0003 ¥O 1 173 0.001 0.63% 1077

a1n the fits, the following parameters were refinely, S?, R, and the corresponding’ values as well as the six covariance matrix elements.
b Q refers to either WO or W—Se ligation in the corresponding complexes. Hyevalues varied less than 1.2 eV and tévalues less than 0.03
over all fits reported. The coordination numbek§ (vere set to the values determined by X-ray crystallography.Iglad experimental resolution
parameters were fixed to physically reasonable values throughout the analysis. See text for definitions of the above-mentioned parameters.

Table 3. GNXAS Fit Results of Se K-Edge EXAFS Analysis

short Se-C Se-M long Se-C
N R(A) 02 (R?) N R(A) 02 (R?) N R(A) 02 (A2 R
[Mo" (2-AdSe)(SC2Mey)2] ~ (7) 1 2.02 0.001 1 2.46 0.001 2 2.96 0.002 0.3860°5
MoV (CO)(SCoMey)o(SeGHPI) - (8) 1 1.94 0.001 1 257 0.001 3 2.96 0.002 0.121076
[WV(CO)(SCMey)(SePh)f (12) 1 1.96 0.001 1 2.56 0.003 3 2.90 0.002 0.2240°6

21n the fits, the following parameters were refinells, $?, R, and the corresponding? values as well as the six covariance matrix elements.
b M refers to either SeMo or Se-W ligation in the corresponding complexes. Thevalues varied less than 1.3 eV and @ values less than
0.03 over all fits reported. The coordination numbex} Were set to the values determined by X-ray crystallography. IThend experimental
resolution parameters were fixed to physically reasonable values throughout the analysis. See text for definitions of the above-mentioaex paramet

oxygen-containing complexes (1.71 A vs an average value of 11. Acceptable fits of the data f@and11—13 all necessitate
1.84 A). This is in agreement with both the Mo K-edge data inclusion of the nearly linear MC—O multiple-scattering
and the FT, which shows a clearly resolved [Bwpeak, pathway in addition to MC, M—0/Se, and M-S single-
indicating the presence of an oxo group. The longer scattering interactions (Tables 1 and 2). It has previously been
distances in the other complexes are in agreement with theshown that multiple-scattering interactions are very sensitive
presence of a singly bound oxygen ligand. For compildx to angles between 150 and 28834 When these interactions
(Figure S7), waves at two distinct YAO distances are required, are included, the distant peaks in the FTs are well fit andRhe

a short W=0 distance at 1.73 A and a longer-¥0 distance values of the fits decrease significantly. In all cases, the
at2.00 A, in addition to the WS interaction with a coordination =~ M—C—0 angle is found to be best fit at 1788C.

number of 4. The average B distances are longer in oxo In the case of2 (Figure S8), a nearly linear MeO—Si
complexesl and14 than in3, 9, and10 (2.42 A vs. 2.34 A). interaction is needed to fit the peak in the FT at 3.2 A. Fits for
Complexes5 and 6 require inclusion of a single MeS 4 (Figure 10) require inclusion of two additional waves, a-M®

interaction at 2.34 A with a coordination number of 5. Selenolate single-scattering interaction at 3.3 A with a coordination number
complex 7 is well fit by Mo—Se and Me-S waves with of 4 and a Me-O—C multiple-scattering interaction; both result
coordination numbers of 1 and 4 at 2.46 and 2.34 A, respec- from ring carbon scattering of the terminal ligand. In this case,
tively. None of these complexes require inclusion of any the Mo—O—C angle fit best at 177 which is the crystal-
additional components, as indicated by the low fit residual and |ographic value. Inclusion of ring carbon scattering was not
the absence of any other features in the FTs. necessary for the other complexes, as the@4-C angles are

Six complexes require inclusion of multiple-scattering inter- considerably smaller (163147°), preventing them from con-
actions in addition to single scattering. Fits #rmand 13 are

presented in Figure 10, and the fits fi2, which include data  (34) zhang, H. H.; Filipponi, A.; Di Cicco, A; Lee, S.; Scott, M. J.; Holm,
from the W Ls-edge and the Se K-edge, are shown in Figure R. H.; Hedman, B.; Hodgson, K. @norg. Chem.1996 35, 4819.
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tributing significantly to the EXAFS. In addition, the hidgh- the DMSOR family (Figure 1). Molybdenum K-edge shifts
region of the FTs gives no indication of such contribution. The correlate with the electronegativity of the terminal ligands RQ
bond distances and their corresponding bond variances, as wel(Q = O, S, Se) (Figure 4), and bond lengths follow the expected
as the nonstructural parameters which were allowed to float trend Mo—O < Mo—S < Mo—Se. Molybdenum XAS clearly
during the fitting, remain almost constant in both the single- distinguishes single O, S, and Se terminal ligations in the
and multiple-scattering fits, implying in either case that the presence of four Me S(dithiolene) interactions.

parameters are well fit. In all cases, the2 value of the fit (4) The six-coordinate M complexes8 and 11—13 are
decreases significantly (between 20 and 30%) upon inclusion yonocarbonyls with terminal thiolate or selenolate binding. As
of the multiple-scattering pathways. noted previoush%22the stability of these complexes raises the

The selenium EXAFS data for complexess, and12 were possibility that analogously coordinated reduced enzyme sites
also analyzed. The MSe distances determined from the ¢qyiq bind carbon monoxide. In this event, both edge (Figures
corresponding molybdenum and tungsten EXAFS analyses ares_g) and EXAFS features (Figures-21) could distinguish

within £0.02 A of the values obtained from the selenium o pound and five-coordinate sites. Elsewhere, we have argued
analysis. Our ability to measure more than one XAS edge of & ot the shorter MO bond in complexes with terminal RO

given molecule provides a means to check the internal consis-jgands produces steric interactions between the R substituent
tency of the determined bond distances. Fits to the selenium .4 ~5 unfavorable to bindirfg:22

EXAFS data only required inclusion of single-scattering interac-
tions. For all three molecules, short-S& and Se-M interac-
tions and a longer SeC interaction are needed to achieve
acceptable fits to the data.

(5) For selenolate complexeg 8, and 11, M—Se bond
distances determined by M and Se EXAFS are in satisfactory
agreement£0.02 A, Table 3), providing an internal check of
the accuracy of the bond distances.

Summary and Conclusions (6) Given the isostructural properties of molybdenum and
tungsten complexes at parity of ligands and oxidation state, the

spectra have been obtained and the EXAFS data analyzed usin@'StortGd octahedral W complex14 s a plausible approxima-
the GNXAS protocol for a set of 14 bis(dithiolene)molybdenum 10N (Or better) of the oxidized monooxo sites of DMSOR. The
and -tungsten complexes (Figures 2 and 3). The set includesP® Protein-bound site available for comparison, in e
six five-coordinate and one six-coordinate NMotwo five- sphaermdesenz_yme, is described as dl_storted trigonal prismatic
coordinate and three six-coordinaté\and one six-coordinate ~ With no sulfur ligand trans to the oxo ligand. The EXAFS data
WY complexes. The numbers, intensities, and positions of the for 14 are fitted with two W-O distances differing by 0.27 A
transitions superimposed on the rising edges exhibit variations 2nd @ single WS distance differing by 0.01 A from the average
related to the type and number of ligands bound to the metals, crystallographic distances. (The molybdenum analogug4of

a behavior best appreciated from second-derivative spectraS Unstable and has not been isolatgd.

(Figures 4-6). The FTs of the set of complexes serve as By including a larger set of variant terminal ligands, this study
diagnostic indicators of the various coordination spheres. They expands our previous XAS investigatférof bis(dithiolene)-

can be used to evaluate variations in coordination number, ligandmolybdenum and -tungsten complexes which serve as sym-
type (oxygen, sulfur, or selenium), and distance separations inmetrized structural representations of enzyme active sites.
the case of well-resolved peaks. Accurate structures of all but Because of the internal consistency of EXAFS and X-ray
2 are available922.232526 permitting an assessment of the crystallographic bond lengths, the full body of results should
accuracy of structural parameters derived from XAS. Further, prove useful in characterizing and refining metric features and
chelation is symmetrical and chelate ring bond lengths from structures of enzyme sites. Current targets for XAS examinations
crystallography point to the ene-1,2-dithiolate ligand oxidation include monodithiolene complexes, selenosulfitiiolate ligands
level, leading to the indicated metal oxidation state assignments.and their complexes, and Wspecies accessible by oxidative
The following are the principal conclusions from this investiga- addition to bis(dithiolene)M(IV) complexes.

tion.
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