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Summary

The compounds Moz[(n5 C,H,CO,)Fe(n*-CsH,)],(0,CCH;),(C;H N), and
[Mo, [(7*-CsH,CO, )Fe(n*-C H5)] (ax CH,CN)(ax-DMSO)}(DMSO), have been
prepared by hgand exchange on Mo,(0,CCH,), by ferrocenemonocarboxylic acid.
The first compound, an intermediate in the complete carboxylate exchange process
used in the synthesis of more exotic carboxylates of the quadruply-bonded di-
molybdenum(4 + ) unit crystallizes in the orthorhombw system, space group Pbca
(no. 61), with a 8.063(1), b 20.653(2), ¢ 21.095(1) A, V' 3513(3) A® and Z=4. The
structure was refined to discrepancy indices R, = 0.057 and R, = 0.068. The com-
pound is (a) the first reported tetracarboxylatc of dimolybdcnum(4 + ) possessing
two different carboxylate ligands; (b) an example of the relatively rare trans
geometry seen only infrequently in dimers containing a mixture of bridging ligands.
The second compound is the final product for the ligand exchange process. It
crystallizes in the trlchmc system, space group P1 (no. 2), with a 11. 877(7) b
13.491(11), ¢ 9.922(12) A, «105.57(2), B 105.62(2), y 101.86(2)°, V' 1407(6) A? and
Z = 1. The compound possesses both eclipsed and staggered ferrocene moieties. The
structure was refined to discrepancy indices R, =0.0632 and R,=0.107. Both
compounds exhibit one-electron oxidations with potentials very close to that of the
ferrocene-ferrocenium couple itself. Attempts to further oxidize either of the com-
pounds led to their destruction.

Introduction

A common thread running through the chemistry of the middle transition
elements is the facility with which these elements form dimeric complexes contain-
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ing four bridging carboxylate groups and possessing strong metal--metal bonds [1].
Such species are known for Cr [2], Mo [3], W [4], Tc [5], Re [6], Ru [7], Os [8] and
Rh [9]. Prototypal of these species is of course Mo,(O,CCH,),. first reported by
Stephenson, Bannister and Wilkinson [10], structurally characterized first by Law-
ton and Mason [11] and subsequently with greater accuracy by Cotton, Mester and
Webb [12]. Over the years this compound has become the starting material of choice
for the synthesis of other carboxylates and of a myriad of other multiply-bonded
dimers of molybdenum [13].

The mechanism by which the aforementioned ligand exchanges occur has not yet
been extensively examined, although a few studies of this process [14-16] have been
reported. There has been no report of the isolation and characterization of any
intermediates of stoichiometry M,(0,CCH,), ,(O,CR), from the pure carboxylate
exchange process, although ring-opening processes in which the M,0,C, fragment
of the skeleton of the complex is disrupted by the addition of small phosphines have
been documented by the structural characterization of the adducts resulting from
these processes [17,18].

In the course of our studies of the use of the anion of ferrocenemonocarboxylic
acid (hereafter designated FCA) as a ligand we prepared the title compounds. The
tetrakis compound constitutes the first dimetal carboxylate in which a second,
different metal (Fe in this case) is contained in the pendant group of a carboxylate
ligand. We report single-crystal X-ray studies and electrochemical studies of the title
compounds herein.

Experimental

All operations were carried out under an atmosphere of prepurified argon using
standard Schlenk techniques. Mo, (O,CCH;), was prepared according to previ-
ously-reported [19] methods. Pyridine was stored over KOH for 48 h and was
subsequently distilled from BaO under argon. Dimethylsulfoxide was stirred over
3A molecular sieves and purged with argon prior to use. Acetonitrile was distilled
from P,O; under argon. All reagents were commercially obtained and were of
reagent grade or better. Electrochemical studies were carried out in DMF on a
BAS-100 electrochemical apparatus with platinum electrodes and 0.1 M tetrabutyl-
ammonium perchlorate as a supporting electrolyte.

Trans-Mo,(O,CCH,),(FCA),(C,H,N),

FCAH (1.63 g, 1.87 mmol) was dissolved in 25 ml pyridine with stirring.
Mo, (0,CCH,), (0.20 g, 0.469 mmol) was added and stirring was maintained for an
additional 3 h. The initially bright orange solution turns crimson after ca. 10 min.
Schlenk filtration followed by washing with hexane and removal of excess solvent in
vacuo yielded 0.36 g of the dimer, 96% yield based on the acetate. Crystals suitable
for X-ray diffraction were grown by placing a layer of hexane over a dilute solution
of the complex in pyridine and allowing slow interdiffusion of solvents to take
place. Crystals in the form of large red hexagonal plates resulted within 3 d at room
temperature.



89

[Mo,(FCA),(ax-CH,CN)(ax-DMSO)](DMSO),

Mo, (0,CCH,), (0.20 g, 0.469 mmol) was added to a solution of FCAH (1.07 g,
4.7 mmol) in THF (30 ml). The initially orange homogeneous solution rapidly goes
to a dark orange suspension. After stirring for 2 h the reaction mixture was filtered
through a medium porosity frit to yield an orange-red solid. The solid was dried in
vacuo and washed with hexane. The solid was redissolved in a 1:1 mixture of
dimethylsulfoxide /acetonitrile and the resulting solution was covered with a layer
of hexane in a Schlenk tube under argon. After 3 d of interdiffusion of solvents
large red crystals of [Mo,(FCA),(ax-CH,CN)(ax-DMSO)](DMSO), (0.406 g, 83%
yield based on the acetate) had formed and were used for the structural analysis.

X-Ray crystallography, structural solution and refinement
(a) trans-Mo,(O,CCH,;),(FCA),(C;H;N),. A hexagonal plate of dimensions

TABLE 1

CRYSTALLOGRAPHIC PARAMETERS FOR

{Mo, (FCA) 4 ax-CH;CN){ ax-DMSO){DMSO0),

trans-Mo, (FCA),(0,CCH;),(CsH;N), AND

Formula Mo, Fe,04N,C3H 46 Mo, Fe S;0,;NCs, Hs
Formula weight 928.3 1383.5
Space group Pbca P1
Systematic absences Okl k=2n+1; hOl, I=2n+1; none
hkO, h=2n+1
a (A) 8.063(1) 11.877%(7)
b (A) 20.653(2) 13.491(11)
¢ (A) 21.095(1) 9.922(12)
a(®) 105.57(2)
B(®) 105.62(2)
v (®) 101.86(2)
v (AY) 3513(3) 1407(6)
VA 4 1
deac (g cm™?) 1.755 1.632
Crystal size (mm) 0.30x0.30x0.10 0.70x0.40 x0.30
u(Mo-K,) (cm ™) 15.450 16.2
Data collection instrument Syntex P1 Enraf-Nonius CAD4 /F
Radiation (monochromated in
incident beam) Mo-X, Mo-K,

Orientation reflections,
number, range (20)

15,270 <20 <430

25,13.77< 20 < 28.16

Temperature (°C) 22+1 2241

Scan method w-28 0-20

Data col. range, 26, (°) 5.0<28<550 40<28<500
No. unique data, total

with F?Z > 30(F2) 882 4525
Number of parameters refined 196 308

Trans. factors, max., min. (exp.) 0.998, 0.810 0.620, 0.250
R 0.057 0.063

R, 0.068 0.107¢
Quality-of-fit indicator 1.209 1.385
Largest shift /esd, final cycle 0.32 0.34
Largest peak (e ;\"3) 0.568 1.74

“R=Z|F|~|FN/Z|Fl. *Ry=[Ew(| R |- |F.DY/ Zw| R 214 w=1/0%(| F|). © Quality-of-

fit = [Sw(| Fo| = | F.1%)/(Nops —

(0.07] Ry |)? +4.0).

Npa,am)]l/z. 4 The weighting scheme used w=1/[a%(|Fy|)+
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0.30 X 0.30 X 0.10 mm was mounted in a random orientation within a Lindemann
capillary with epoxy cement and was installed on the goniometer of a Syntex P1
autodiffractometer. Data collection procedures have been fully described elsewhere
[20]. Lorentz and polarization corrections were applied to the data, as was an
empirical absorption correction. Of the 4032 unique data potentially available, only
882 had Fy > 30(F;); the weak (and hence neglected) reflections were mostly in
the 28 range 45° to 55°.

The positions of the Mo and Fe atoms were determined by the solution of the
three-dimensional Patterson synthesis. Two cycles of isotropic full-matrix least-
squares refinement gave discrepancy indices of R, = 0.2443 and R, = 0.3318. Sub-
sequent alternation of difference Fourier syntheses and cycles of full-matrix least-
squares refinement led to isotropic convergence of the structural model at dis-
crepancy indices R, =0.079 and R, = 0.093. Application of anisotropic thermal
parameters to all non-hydrogen atoms save those of the axial pyridine ligand led to
anisotropic convergence at discrepancy indices R, =0.057 and R, = 0.068. The
estimated standard deviation in an observation of unit weight was 1.209, with a final
shift /esd of 0.320. The largest peak in the final difference Fourier map had an
intensity of O.568€/A3 and was not structurally significant. Relevant crystallo-
graphic data are given in Table 1.

(b) [Mo,(FCA) (ax-CH,CN)(ax-DMSO)](DMSO),. A rhombic tablet of ap-
proximate dimensions 0.50 X 0.50 X 0.40 mm was affixed to the end of a glass fiber
with epoxy cement and was installed on an Enraf—Nonius CAD /4F diffractometer.
The standard procedures of using the SEARCH routine of the instrument followed
by indexing and least-squares gave a triclinic cell. Data collection procedures have
been described previously [20]. An empirical absorption correction as well as
corrections for Lorentz and polarization effects were applied to all data.

The positions of the heavy atoms were determined via use of the direct methods
program package MULTANSO. All non-hydrogen atoms comprising the dimeric
unit were located by alternation of cycles of full matrix least-squares refinement and
difference Fourier syntheses. Both the axial ligands and the lattice solvent molecules
were badly disordered (see Discussion). The final structural model refined to
discrepancy indices R; = 0.063 and R, = 0.107. Relevant crystallographic data are
given in Table 1.

Discussion

The ORTEP diagram of the structure of trans-Mo,(O,CCH,),(FCA),(Py), is
given in Fig. 1. Positional parameters and selected bond distances and angles are
given in Tables 2 and 3. The trans disposition of ligands about the metal-metal
bond is readily apparent, and of itself deserves further comment. Although this
compound is the first of the dimolybdenum(4 + ) unit containing two different
monocarboxylate ligands, it is not the first example of a structurally-characterized
partially-substituted carboxylate. The bridging ligands (4-phenylamino)-2-penta-
noide [21}, diethylpyrazolylborate [22], acetylacetonate [23] and tetrakisisopropoxy-
aluminum(1 —) [24] have all been successfully substituted for two of the four
acetate bridges in Mo,(0,CCH,),. Interestingly all of the aforementioned com-
plexes save the last exhibit a cis geometry in the solid state.
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Fig. 1. ORTEP diagram of trans-Mo,(0,CCH,),(FCA),(CsH;sN),, indicating the atom numbering
scheme. For clarity, the axial pyridine ligands have been omitted, and the carbon atoms of the ferrocenyl
groups have been drawn as small circles. All other atoms are represented by their 50% probability
ellipsoids.

In light of the fact that a different compound (i.e., Mo, (FCA),) results if any of
a number of solvents (THF, benzene, DMSO, CH,CN, toluene, etc.) other than
pyridine is employed in the synthesis of these FCA complexes, it may be assumed
that the donor strength of pyridine plays a role in the choice of both geometry and
stoichiometry of the product obtained. Evidence has been presented that indicates
that pyridine assists in the reported opening of the M,0,C ring in, e.g.,
Mo, (0,CCF;), [15] and Mo,(OSCCH,), [16]. If a large excess of a strong donor is
present, labilizing acetate groups by attacking the Mo-O bond [15]}, it is possible
that the ability of the FCA anion to replace acetate in such a competition drops to
almost nothing after the replacement of two acetate groups. The adoption of a trans
geometry may be a reflection of electronic factors, but the presence of a large
organometallic moiety attached to the — CO, bridge is presumably of considerable
importance. Whether or not the presence of pyridine plays a critical role in the
geometrical preference is open to discussion, although the recently-reported [25]
Mo, (580,),(Py),(ax-Py), possesses a trans geometry and is preferentially formed in
pyridine solution. We are currently attempting to determine whether or not other
partially-substituted species can be obtained in this same simple fashion.

The presence of axial ligands is hardly surprising, as adducts of the general
formula M,(O,CR),L, are quite common [1]. The Mo-N_, distance of 2.645(17) A
is much longer than the analogous distance (2.548(8) A) in Mo,(O,CCF,;),(Py),
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TABLE 2

ATOMIC POSITIONAL PARAMETERS AND EQUIVALENT ISOTROPIC DISPLACEMENT
PARAMETERS (A2) AND THEIR ESTIMATED STANDARD DEVIATIONS FOR frans-
Mo,(0,CCH, )4 (FCA),(CsHsN)

Atom x ¥y = B (AZ) o
Mo(1) 0.0597(2) 0.00713(7) 0.04387(7) 2.38(3)
Fe(l) 0.3535(5) 0.1973(2) —0.1198(2) 4.32(8)
o) 0.143(2) 0.1002(6) 0.0159(5) 3.6(3)
o) 0.284(2) ~0.0307(6) 0.0102(5) 2.8(3)
0(3) —0.158(2) 0.0459(6) 0.0841(5) 2.9(3)
0(4) 0.013(2) 0.0854(5) —0.0777(5) 3.2(3)
N(1A) 0.306(2) 0.5487(8) 0.1506(8) 3.7(4)*
c) 0.283(2) ~0.0491(9) ~0.0492(9) 3.3(5)
) 0.452(3) ~0.073(1) —0.075(1) 5.0(6)
c(12) 0.098(2) 0.118%(9) ~0.0416(8) 3.04)
c(13) 0.153(3) 0.1827(8) —0.0612(9) 5.0(6)
a4 0.105(3) 0.216(1) —0.120(1) 4.8(6)
cas 0.205(3) 0.275(1) —0.122(1) 5.5(7)
C(16) 0.296(3) 0.281(1) —0.069(1) 4.8(6)
can 0.262(4) 0.2220(9) ~0.032(1) 6.4(7)
C(18) 0.557(3) 0.139(1) ~0.112(1) 7.2(7)
ca9) 0.433(4) 0.110(1) —0.149(1) 8.2(8)
C(20) 0.603(3) 0.200¢1) —0.140(1) 7.3(8)
ce 0.516(3) 0.206(1) —0.196(1) 5.8(7)
C22) 0.404(3) 0.153(1) ~0.203(1) 7.6(8)
C(100) 0.266(3) 0.502(1) 0.1949(9) 3.9(4)*
C(200) 0.198(3) 0.523(1) 0.254(1) 5.5(6)*
C(300) 0.177(3) 0.5888(9) 0.264(1) 4.2(5)*
C(400) 0.214(3) 0.634(1) 0.216(1) 53(6)*
C(500) 0.284(3) 0.6087(%) 0.1617(9) 335"

“ Starred atoms were refined isotropically. Anisotropically refined atoms are given in the form of the
equivalent isotropic displacement parameter defined as 4/3[a’By; + b*Byy + B33 + ab(cos y) By +
ac(cos BBy + be(cos o) By

[26], although not enormously different from the Mo-0O,  distance (2.663(6) f\) in
Mo, (O,CPh) ,(diglyme), [27]. The solid-state structure of Mo,(O,CPh),(Py), has
not been determined, but it seems a safe assumption that the Mo-N__ distance
would be comparable to that found in the disubstituted FCA compound.

The structure of the tetrakis compound is depicted in the ORTEP diagram given
in Fig. 2. Positional parameters and bond distances and angles are given in Tables 4
and 5 respectively. The Mo-Mo distance (2.105(1) A) is identical within experimen-
tal error to that in the disubstituted-compound, and is indicative of the presence of a
strong quadruple molybdenum—molybdenum bond. The C-C distances (1.419(9) A,
av.), C—C-C angles (108.0(5)°, av.) and Fe—C distances (2.044(5) A, av,) are all in
the normal range for ferrocene and simple substituted ferrocene derivatives [28,29].
The two sets of mutually~trans ferrocenyl moieties exhibit both eclipsed and
staggered configurations, as has been observed for the analogous dicopper complex
[30]. The dicopper and dimolybdenum compounds are the first reported containing
purely carbocyclic ferrocenyl moieties in both of the possible limiting conforma-
tions.
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Fig. 2. ORTEP drawing of Mo,(FCA),(ax-CH;CN)(ax-DMSO), indicating the atom numbering
scheme. For clarity, the axial ligands have been omitted, and the carbon atoms of the ferrocenyl groups
have been drawn as small circles. All other atoms are represented at the 50% probability level.

The structural study of the tetrakis compound presented difficulties due to severe
absorption and disorder problems. An initial attempt to refine the structure in the
acentric space group P1 met with failure in the form of large correlation effects and
the resultant impossibility of assigning anisotropic thermal parameters to the
non-hydrogen atoms. Conversion of the model into the centric space group P1 led
to a successful refinement. Disordered models for the lattice dimethylsuifoxide
molecules were included in the refinement. A process of trial and error was used to
determine the identities of the axial ligands, which resulted in the conclusion that an
approximately “half and half” model comprising a dimethylsulfoxide and an
acetonitrile molecule was the best possibie treatment for the disorder. This led to
final discrepancy indices of R, = 0.063 and R, = 0.1062. The esd’s on the important
distances and angles, viz., those within the dimer itself, are well within acceptable
limits of error and the final structure may be taken as being an accurate representa-
tion of the tetrakis compound.

Attempts to cause stepwise oxidations of the ferrocenyl residues in both com-
pounds were carried out electrochemically with limited success. Although an initial
reversible oxidation is seen for both of the title compounds near the potential of the
ferrocene—ferrocenium couple (to +0.52 V vs. Ag/AgCl, subsequent irreversible
processes ensue that result in the destruction of the complexes. The observed
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TABLE 4

ATOMIC POSITIONAL PARAMETERS AND EQUIVALENT ISOTROPIC DISPLACEMENT
PARAMETERS (A%) AND THEIR ESTIMATED STANDARD DEVIATIONS FOR Mo, (FCA),LL’-
2Me, SO

Atom x y z B (A%) ¢
Mo(l) ~0.01547(4) 0.02612(3) 0.10148(4) 2.703(9)
Fe(l) 0.43075(7) 0.32163(6) 0.21607(9) 3.45(2)
Fe(2) 0.25769(7) —~0.25373(6) 0.17893(9) 3.6902)
o) 0.1718(3) 0.1096(3) 0.2202(4) 3.07(8)
0(2) 0.0129(3) ~0.1126(3) 0.1477(4) 3.21(8)
003) —0.2056(3) —0.0529(3) —0.0084(4) 3.06(8)
0(4) —0.0437(3) 0.1679(3) 0.0670(4) 3.27(8)
C) 0.2430(5) 0.1073(4) 0.1459(5) 2.8(1)
CQ) 0.3717(5) 0.1702(4) 0.2196(6) 3.2(1)
Cc3) 0.4623(5) 0.1757(4) 0.1511(7) 3.6(1)
C@) 0.5737(5) 0.2574(5) 0.2600(8) 4.6(2)
CEo) 0.5476(6) 0.2997(5) 0.3912(7) 43Q1)
C(6) 0.4233(6) 0.2476(5) 0.3688(6) 3.9(1)
Y0 0.3436(8) 0.4378(6) 0.252(1) 7.72)
() 0.4622(9) 0.4830(5) 0.267(1) 6.92)
CO) 0.4769%(8) 0.4438(6) 0.1377(9) 6.8(2)
C(10) 0.3761(9) 0.3625(6) 0.0287(9) 7.0(2)
can 0.2851(8) 0.3546(6) 0.101(1) 8.6(2)
C(12) 0.0413(5) —0.1778(4) 0.0551(6) 3.2(1)
ca’) 0.0784(5) —0.2674(4) 0.0925(7) 4.0(1)
C(14) 0.1035(6) ~0.2772(5) 0.2380(8) 4.9(1)
C(15) 0.1479(7) —0.3687(5) 0.2290(8) 5.8(2)
C(16) 0.1490(8) —0.4150(5) 0.085(1) 6.4(2)
Cc(17 0.1056(6) —-0.3511(5) —0.0036(9) 5.3(2)
C(18) 0.4408(6) —0.2378(6) 0.2607(9) 5.1(2)
C(19) 0.4128(6) ~0.1566(5) 0.3569(8) 4.3(2)
C(20) 0.3607(6) —0.0971(5) 0.2682(9) 5.3(2)
c@y 0.3572(7) —0.1389(6) 0.1255(8) 58(2)
CcQ2) 0.4090(7) ~0.2272(7) 0.1203(9) 6.4(2)
O(5),N 0.0857(5) 0.0498(4) 0.3272(6) 47LH*
S(1) —0.2053(2) ~0.0361(2) 0.3025(2) 2.49(5)
c@3) —0.1654(9) 0.0323(8) 0.407(1) 29)*
CQ4) -0.192Q1) - 0.0431(5 0.477(1) 93(3)*
C25) —0.314(1) 0.0309(9) 0.284(1) 3.5(2)*
S(2) 0.8288(7) 0.5972(6) 0.4635(8) 203(3)
0(6) 0.826(2) 0.485(2) 0.508(2) 26.28)*
CQ6) 0.969(2) 0.676(1) 0.575(2) 13.7(5)*
c@n 0.847(2) 0.564(2) 0.287(3) 17.30*

“ Starred atoms were refined isotropically. Anisotropically refined atoms are given in the form of the
equivalent isotropic displacement parameter defined as 4/3[a%8; + b2By, + ¢*B; + ab(cos y) B, +
ac(cos B) B3 + be(cos a) B3]

reversible oxidations were shown to be one-electron processes via coulometric
studies.

Supplementary Material Available. Tables of observed and calculated structure
factors, anisotropic thermal parameters and full tables of bond distances and angles
(38 p). Ordering information is given on any current masthead page.
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