1730

inthe 0 1.0—1.5 range for n-pentyl. The integration of the singlet to multiplet
is the expected 5:11. The UV-visible absorption exhibits a shoulder at 250,
a maximum at 310 (¢ 2700 M~ cm™ in isooctane), and a shoulder at 350
nm.

(3) (a)Hoffman, N. W.; Brown, T. L. /norg. Chem. 1978, 17, 613. These authors
suggest W—H cleavage by light, initiating radical substitution processes.
Preliminary results in our laboratory show evidence that dissociative loss
of CO is a significant result of optical excitation of (5-CsHs)W(CO)sH. (b)
Bainbridge, A.; Craig, P. J.; Green, M. J. Chem. Soc. A 1968, 2715.

61) Severson, R. G.; Wojcicki, A. J. Organomet. Chem. 1978, 157, 173.

) We find that PPhs reacts with (5-CgHs)W(CO)x(1-pentene)H to yield (n5-
CsHs)W(CO)(PPhs) n-pentyl). Presumably, the reaction occurs as a result
of the reversion of the alkene-hydride to the alkyl followed by scavenging
by PPhs. Rate of reaction as a function of PPhs concentration supports this
mechanism. The approximate rate of conversion of (gs-CsHs)W(CO)z(L
pentene)H into (175-CsHs)W(CO)a(n-pentyl) is ~2 X 107% s 1 at 25 °C. The
slow rate may be due to the fact that the alkene—hydride is the trans
isomer.

(a) Alway, D. G.; Barnett, K. W. Adv. Chem. Ser. 1978, No. 168, 115. (b) Mills,

W. C., Ill; Wrighton, M. 8. J. Am. Chem. Soc. 1979, 101, 5830. (c) Geoffroy,

G. L.; Wrighton, M. 8. ""Organometallic Photochemistry’’; Academic Press:

New York, 1979.

{7) Low-temperature infrared data were obtained using a Cryogenics Technology
Incorporated Spectrim Il cryocooler using a sample compartment equipped
with NaCl windows. Paraffin solutions of {7°-CsHs)W(CO)sR were prepared
by heating the paraffin to the melting point (~70 °C) and dissolving the
complex. The solution was then coated onto sapphire flats and mounted in
the cryocooler for irradiation and spectroscopic measurements.
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Heterodinuclear Di-u-sulfido Bridged

Dimers Containing Iron and Molybdenum or Tungsten.
Structures of (PhyP),(FeMSg) Complexes (M = Mo, W)
Sir:

Molybdenum K-edge X-ray absorption fine structure
(EXAFS) analyses have been reported for the MoFe protein
components of the Clostridium pasteurianum' and Azoto-
bacter vinelandii*> (Az. v.) nitrogenases, and for the FeMo
cofactor? (FeMo-co) from Az. v.3 These studies have lead to
the conclusion that the Mo coordination environments are very
similar, and in all cases the Mo is coordinated by three or four
S atoms at 2.3 A and is at close proximity (<3 A) to two or
three Fe atoms.

A partial adherence to the above coordination requirements
for the Mo atom is found in the structures of the “double cu-
bane” cluster complexes [Mo;FesSo(SEt)s]3~ 4 and [Mo,-
FesSs(SR)s]?~ (R = Et;* R = Ph;® R = SCH,CH,O0H®). The
EXAFS spectra of the Mo centers in the ethyl derivatives of
these clusters are very similar to those obtained for the nitro-
genase systems.* Because of basic differences in the Mo:Fe:S
atom ratios between the FeMo proteins, the FeMo-co, and the
“double cubanes”, the latter cannot be considered complete
analogues. However, it seems likely that Mo-containing
fragments in the “double cubanes” may be identical with
fragments in FeMo-co and the nitrogenases.*

In our approach to the construction of Mo-Fe-S clusters
in appropriate Mo:Fe ratios we have initiated synthetic efforts
toward the isolation of molecular “building blocks” that con-
tain Fe, S, and Mo, which eventually may be used in the syn-
thesis of clusters of higher complexity. In a recent publication
we reported” on the synthesis and structural characterization
of one such molecule, (EtsN);[(PhS);FeS;MoS,]2~ (I)
(Figure 1). In this communication we report on the tungsten
analogue of this complex, [(PhS),FeS;WS;]2~ (11), and the
reactions of I and II with trisulfides. The complex 11 was ob-
tained by the reaction of [WS,4]2~ with an equimolar amount
of [Fe(SPh)4]%~ 8 in dimethylformamide (DMF) and isolated,
in near-quantitative yields, as red crystals of the Ph4P* or
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EtyN* salts, upon addition of diethyl ether to the DMF solu-
tions, Anal. Caled for WFeS¢CgoHsoP2: C, 56.96; H, 3.98; S,
15.2; Fe, 4.41. Found: C, 56.92; H, 4.01: S, 15.09; Fe, 4.40. The
visible spectrum (DMF) of this paramagnetic compound (uS"
= 4.73 up at 298 K) is characterized by absorptions at 540 nm
(sh), 466 (sh), 432 (¢ 6890), 409 (11 300), and 375 (8310).
Single-crystal diffraction patterns of the EtyN* salt of IT are
very similar to those of I and show that the two complexes are
isomorphous and very likely isostructural. An .S = 2 ground
state is suggested by the magnetic moment of II, and the simple
Curie-Weiss magnetic behavior, evident in the temperature
dependence of the isotropically shifted proton resonances,’
rules out the population of higher spin states at a temperature
as high as 352 K. The 3"Fe Méssbauer spectrum of Il at 4.2 K
shows a single doublet with a quadrupole splitting (QS) of 2.24
(1) mm/s and an isomer shift (IS) of 0.48 (1) mm/s (relative
to Fe metal at 298 K). These values are similar to those ob-
tained for I at 4.2 K (QS, 1.96 (1); IS, 0.45 mm/s) and suggest
that the electronic environment of the Fe atom is rather in-
sensitive to a change from Mo to W in the heterodinuclear
dimers. By Mdssbauer, isomer shift criteria established for the
iron-sulfur proteins and their synthetic analogues, a value of
+0.45 mm/s is intermediate between those observed for
high-spin Fe(II) and Fe(III) in tetrahedral sulfur environ-
ments. 10

The reactions of the PhyP* salts of either I or II with 10
equiv of RSSSR (R = C;H~) in warm DMF proceed readily.
Upon cooling and dilution with absolute ether, these DMF
solutions deposit X-ray isomorphous crystals of the
(Ph4P);[(S5)FeS;MS5] salts as the hemi-DMF solvates (M
= Mo, dark brown crystals, 86% yield, M = W, dark red
crystals, 79% yield). Anal. Caled for FeMoS¢CsgHy4oP2
15(C3H,0ON) (IID): C, 51.44; H, 3.80; N, 0.61; P, 5.36; S,
24.97; Mo, 8.30. Found: C, 50.62; H, 3.84; N, 0.64; P, 5.22;
S, 24.23; Mo, 8.43. Anal. Calcd for FeWSgC4sHyoP>-
15(C3H,0N) (1V): C, 47.56; H, 3.54; N, 0.56; S, 23.32; Fe,
4.51. Found: C, 46.75; H, 3.25; N, 0.41; S, 21.9. Electronic
spectra for IV: 550 nm (e 1250), 464 (sh), 425 (7480), 398
(7830), 366 (9390). The magnetic moments (uS") of IIT and
IV,4.90 and 4.90 up at 298 K, respectively, 4gain indicate S
= 2 ground states for these complexes. The Mdssbauer spec-
trum of IV (in liquid N>) consists of a single doublet and shows
a quadrupole splitting of 1.66 (1) mm/s and an isomer shift
of 0.51 (1) mm/s.

Single crystal, X-ray diffraction, intensity data on 111 and
IV were collected on a Picker-Nuclear FACS-I automatic
diffractometer using a 6-26 scan technique.'' The data cor-
rected for Lorentz, polarization, and absorption effects were
used for the solution of the structures by conventional Patterson
and Fourier techniques. Refinement by full-matrix least-
squares methods has progressed to conventional R = 9.5% for
111 and 8.5% for 1V using isotropic thermal parameters for the
carbon atoms and the DMF-solvate molecule and anisotropic
thermal parameters for all other atoms. The hydrogen atoms
have not been included in the refinement process as yet. The
structures of the anions (Figure 2) show the tetrahedrally
coordinated Fe atoms bound by Ss2~ bidentate chelates and
by the MS42~ (M = Mo, W) units which also serve as biden-
tate chelates. The Ss2~ anion, although not a common ligand,
occurs as a bidentate chelate in [FeS;2]27,'2 (PtS,5)27,"? and
Ti(Cp)2Ss.' In the structures of [Fe;S;2]2~ and (PtS;5)2~,
the MSs *“ring” units are found in the chair conformation
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Table I. Selected Structural Parameters in the [(Ss)FeS;MS5]2~
Complexes (M = Mo, W) and [(PhS),FeS;Mo0S;]2* @6

M = Mo M=W [(PhS)zFeSZMOSZ]Z‘
Bond Lengths, Angstroms
Fe-M 2.731 (3) 2.753 (3) 2.750 (4)
M-St 2.139 (6) 2.142 (6) 2.148 (6)
M-St 2,151 (7) 2.172(8) 2.159 (6)
M-Sg, 2261 (7) 2.240 (6) 2.247 (6)
M-Sg, 2.244 (5) 2.269 (7) 2.245 (6)
Fe-Sp, 2.253(7) 2.260 (7) 2.242 (1)
Fe-Sg 2.236 (6) 2.280 (7) 2.258 (7)
Fe-S, 2.347 (8) 2.329 (9) 2.303 (7)
Fe-Ss 2.296 (6) 2.309 (7) 2.320 (7)
Sip-Sep 3.568 (8) 3.588 (6) 3.571(8)
S,-Ss 3.822 (9) 3.865 (6)
Bond Angles, Degrees

Si-M-S;¢ 109.4 (2.7)4  109.4 (2.2)/ 109.2 (2.4)"
Si-Fe-S;¢  109.3 (6.3)¢  109.2 (6.6)¢ 109.4 (6.2)
Fe-Sp-M¢ 743 (3) 74.9 (6) 75,5 (2)

@ From ref 7. ® For all structures the reported structural parameters
are in analogous reference to the labeling shown in Figure 2. © Mean
values; the standard deviation from the mean are in parenthesis.
4 Range, 104.8 (3) to 111.8 (3)°. ¢ Range 99.3 (3) to 117.2 (3)°.
/ Range 105.4 (2) to 110.9 (3)°. ¢ Range 99.2 (3) to 117.6 (3)°.
h Range 104.5 (3) to 116.6 (3)°. " Range 102.9 (3) to 116.9 (3)°.

similar to the conformation found for the FeSs “ring” in the
present structures. Selected structural parameters in the
[FeMSg]2~ anions are shown!3 in Table I and are compared
with corresponding values in the structure of the
[(PhS),FeS;M0S,]2~ anion. The FeS;M units are essentially
planar and very similar to the one found in the structure of I.
The terminal M—S; bond lengths are significantly shorter than
the M-Sy, lengths; however, they still are longer than “typical”
M=S bonds. Terminal Mo—S bonds are found in the range
2.085-2.129 A.16

The mean Fe—S; bond lengths in III and IV, 2.321 and
2.319 A, respectively, are appreciably shorter than the mean
Fe—S bond length in [Fe(SPh)4]2~, 2.355 (14) A,!7 and quite
similar to the mean Fe—S; bond lengths in [Fe»S»(S2-p-
toly)4]2~, 2.312 (1) A,'8 which formally contains Fe(III).

A choice between two of the reasonable descriptions for the
formal oxidation states of the two metal ions in the heterodi-
nuclear dimers [Fe(II)-M(VTI) vs. Fe(III)-M(V)] cannot be
made on the basis of the available spectroscopic and magnetic
data. A S = 2 ground state for these molecules can arise from
either (a) a high-spin Fe(II) (S = 2) mixed ligand complex,
SFeL, [S = 2PhS~ or S527; L = MS42~, M = Mo(VI) or
W(VI)] or (b) a high-spin Fe(III) ion (S = 34) in the dimer
strongly coupled toa Mo(V) or W(V) (S = 15) ion in a reduced
MS; unit. The rather short Mo-Fe distances [2.750 (4) and
2.731 (3) A] found in the structures of I and I1I, respectively,
and a W-Fe distance of 2.753 A in IV cannot be considered
as concrete evidence for Fe-Mo or Fe-W bonding [and a
Fe(III)-M(V) description]. In the linear trimeric molecule,
[Cl,FeS;MoS,FeCl,]2~, where Mdassbauer and magnetic data
show!? the presence of Fe(II), the Mo-Fe distances are equally
short. A structure invariant in these u-sulfido bridged mole-
cules seems to be the acute M-S-Fe bridge angle of ~74-76°
which controls the distance of the M-Fe separation.20

The electronic spectrum of IIT (Figure 3) [605 nm (e 1864),
545 (sh), 480 (7242), 410 (9924), 305 (14,894)] is dominated
by absorptions that originate from the MoS4 chromophore and
is similar, but hypsochromically shifted, relative to the spec-
trum of I [620 nm (sh), 550 (sh), 487 (e 8645), 425 (7773), 330
(14 705)].

A similar electronic absorption spectral pattern is observed
in the spectra of acid-treated, reneutralized solutions of the
Fe-Mo protein from Clostridium pasteurianum (Figure 2

1731

Figure 2. Structure and labeling of the [(Ss5)FeS2MS;]?™ anions (M =
Mo, W). Thermal ellipsoids as drawn by ORTEP (C. K. Johnson,
ORNL-3794, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1965)
represent the 50% probability surfaces.

300 400 500 600 700

nm
Figure 3. The visible spectrum of (Ph4P),[(Ss)FeS;MoS;] in DMF. Inset:
the visible spectrum, in water, of acid-treated reneutralized Fe-Mo protein
from Clostridium pasteurianum from ref 21.

inset). Chromatography on these solutions allows for the iso-
lation of a fraction with a visible spectrum identical with that
of aqueous Mo0S,2~.2! The formation of MoS4>~ from com-
ponents relased under the reported experimental conditions
does not seem likely. Instead it appears that MoS;2~ is a
component of the nitrogenase Fe-Mo-S site and is released
following acid hydrolysis.

The electronic perturbations of the MoS4>~ chromophore
apparent in the spectra of I and (11I) between 500 and 300 nm
must arise from the MoSs2~-Fe coordination. Similar per-
turbations are observed in the spectra of the acid-base-treated
Fe-Mo protein solutions and could be attributed to MoS,2—-
Fe interactions.?? These interactions also could account for the
low energy bands at ~620 and ~540 nm. Such low energy
absorptions are observed in the spectra of I (620, 550 nm) and
III (605, 545 nm) and very likely arise from Fe-S charge
transfer processes.
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Synthesis and Structural Characterization of the
{Ph4P);[Cl;FeS,;MS;FeCl,] Complexes (M = Mo, W).
First Example of a Doubly Bridging MoS, Unit

and Its Possible Relevance as a Structural Feature

in the Nitrogenase Active Site

Sir:

In a preceding communication! we reviewed the structural
information available for the Mo site in nitrogenases. This
information, obtained on the basis of Mo X-ray absorption fine
structure (EXAFS) analyses, has led to the suggestion that a
valid structural model for the Mo site of nitrogenase must in-
volve two major features: a set of three or four Mo bound sulfur
atoms at ~2.36 £ 0.02 A and a set of two (or three?) iron
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atoms at a distance of 2.72 £ 0.03 A from the Mo. Of the two
distinct models, proposed for the nitrogenase Mo site? (Figure
1), A exists as a fragment in the recently synthesized and
structurally characterized “double cubanes”.? In this com-
munication we report on the synthesis and structural charac-
terization of a heteronuclear Fe-Mo-Fe linear trimer and the
tungsten analogue. The former, at least partly, resembles B’
(Figure 1).

The reaction of the (Ph4P)»2[(SPh),FeS;MS,] complexes?
(M = Mo, W) with FeCl3-6H,0 in 1:2 molar ratio in di-
methylformamide (DMF) results in the oxidation of the "SPh
ligands to PhSSPh with the concomitant generation of Fe(II)
ions. From the DMF solutions, upon the addition of ether,
crystalline, X-ray isomorphous (Ph4P),[ClyFeS;MS,FeCls)
complexes can be isolated [M = Mo, brown crystals 67% yield
(I); M = W, orange-red crystals, 60% yield (II)]. Anal. Calcd
for FeaMoCl S4P,CasHag: C, 49.85; H, 3.49; P, 5.36; S, 11.09;
Cl, 12.26; Fe, 9.66. Found: C, 49.69; H, 3.42; P, 5.36; S, 10.94;
Cl, 11.60; Fe, 9.30. Anal. Calcd for Fe; WCl4S4P>CagHuao: C,
46.34: H,3.24;8,10.30; W, 14.77; Cl, 11.39. Found: C, 46.23;
H, 3.32;S,10.35, W, 14.45;C], 11.57.

The 57F Méssbauer spectrum of I at 4.2 K shows a single
doublet with a quadrupole splitting (QS) of 1.99 (1) mm/s and
an isomer shift (IS) of 0.58 (1) mm/s (relative to Fe metal at
298 K). These values, and particularly the isomer shift, are not
very similar to those obtained' for the [(SPh),FeS;MS;]2~
complexes (M = Mo, W). The IS in I, however, has a value
close to that reported for the Fe(SCgHs)4%>~ complex® (0.66
mm/s) and for the FeSy sites in reduced rubredoxins® (0.65
mm/s). These observations suggest that the two iron atoms in
I are in the +2 formal oxidation state. The magnetic moment
for I (uS™ = 6.635(2) up at 300 K) is lower than that expected
for two, noninteracting, high-spin (S = 2) Fe(Il) ionsin . A
temperature-dependence study of the magnetic susceptibility,
however, shows typical antiferromagnetic behavior. Similar
magnetic properties are observed with II (uSgf" = 6.03 (2)
uB).

Crystal and refinement data for the structure of | are shown
in Table I. Intensity data were obtained on a Picker FACS ]
automatic diffractometer using a step-scan technique,
employing graphite monochromatized Mo K radiation (A =
0.7107 A, 26, = 12.2°). The data were corrected for Lorentz
and polarization effects and for absorption. The structure was
solved by conventional Patterson and Fourier techniques and
refined by full-matrix least-squares calculations. All atoms in
the anion and the two phosphorus atoms were refined with
anisotropic temperature factors. The carbon atoms in the
cations were refined with isotropic temperature factors. The
hydrogen atoms were included in the structure factor calcu-
lation at their calculated positions (C-H = 0.95 A) but were
not refined. Structural details for the complex anion are shown
in Table I1.

A nearly linear, Fe-Mo-Fe, array is found in the structure
of the anion (Figure 2) in which the M0S42~ unit bridges two
terminal FeCl, moieties. The MoS4 and FeCl,S; fragments
show distorted tetrahedral geometry around the metal atoms.
The mean value’ for the two independent Fe-Mo distances
[2.775 (6) A] is slightly greater than the Fe-Mo distances in
[FeMoSg]%~ ! (II1) and [(SC¢Hs)2FeSaMaS;,]2~ 4 (1V), 2.731
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