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Heterometallic "butterfiy” cluster [Fe3(CO)q(13-OBut)Au(PPhs)]
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Alkylation of the | Fe;(u3-0)C0)g)?~ dianion with rerr-butyl iodide afforded the [Fe;3(ps-
OBu"{CO)¢]™ monoanion. The reaction of the latter with Au(PPh3)Cl in the presence of
TIBF, vielded the new heterometallic "butterfly” cluster [Fe3(CO)g{u3-OBu')Au(PPhs)].
According to the X-ray data, both clusters synthesized contain the unchanged Fes(u;-0O)
fragment of the initial dianion. The addition of the Au(PPh;) fragment to the monoanion
occurred in such a way as to minimize steric changes. As a result, a “turned inside out”
heterometallic "butterfly.” which contains the 3-O ligand on the outside rather than on the
inside. was obtained. The dihedral angle characterizing the "butterfly” is 151°.
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Presently, the known "butterfly” clusters are classi-
fied into two groups: (1) clusters whose wings are tied
up with a particular ligand; (2) clusters in which two
triangles linked vig a shared edge do not contain tight-
ening ligands.! Clusters belonging to the second group
are few in number. However, the mere fact that these
structures exist casts doubt on the "tightening" role of
ligands, which are bound simultaneously to all four
metal atoms of the "butterfly.” Generally, ligands of a
special type, viz., the least sterically demanding
monoatomic ligands, act as "tightening” ligands. In this
series, boron,23 carbon,*—3 nitrogen,%—11 and sulfur,!2
for which a wide variety of bond types, large coordina-
tion numbers, and unusual reactivity are known, have
received the most study. Oxygen!? is less well studied as
a monoatomic ligand.

Presently, monooxygen is structurally characterized
as a ligand in a small number of coordination modes.
Actually, only a few examples of each mode are avail-
able in the literature, which is far less than the abun-
dance of clusters containing monoatomic B, C. N,
and S ligands. Thus. it was established that in
carbonyl clusters, elemental oxygen can act as a
bridge between two metal atoms, as in the cases of
Mo, Rug(pe-CH(p-0)(CO)1,Cpy 13 and Os3(COYW (-
O)u3-CCH,Tol)Cp. ¥ or can be located at the center
of the triangular face, as in the case of Osg(u;-O)(u3-
CO)(CO) ;3.1 In addition, oxygen can act as a py-ligand
and- link~wings ‘of the heterometatlic "butterfly” in the
[PPN][FesM(CO)y5(pny-O)] clusters (M = Mn or Re;
PPN = (Ph;P);N)!2 or can center the tetragonal face
of the tetragonal pyramid in [PPN],{Fe,Ru3(CO) 4(uy-
0)]. 16 In carbonyl-free clusters, oxygen can act also as
a terminal ligand.!? Unlike the carbide and nitride
analogs, organometallic clusters with an inner oxo ligand
are as yet unknown, aithough many examples of these

oxo ligands are available for polyoxometallates!® and
ligand-free metallic oxo clusters.!®

Previously, we have demonstrated?? that the metal
core of the [Fe;(u1;-0)(COd}2™ dianion (1)2! is triangle
formed by the iron atoms with three terminal CO
ligands at each Fe atom. The bridging oxygen atom is
located at equal distances from the iron atoms. This
dianion can serve as a good source for the construction
of the desired cluster molecules (the so-called cluster
design). The reaction of dianion 1 with an excess of
[Rh(CO0),Cl}, afforded the heterometallic cluster of com-
position [Fe3Rh;(u3-0)(CO)y5]~, which contains 86 clus-
ter valence electrons (CVE).2? X-ray analysis demon-
strated that the resulting cluster is the first example of a
heterometallic octahedron containing the p;-O ligand.
In the same study,?® the trigonal-bipyramidal cluster
Fe;(u3-0)(CO)o{Au(PPh3)},, containing the p3-O ligand
and possessing 72 CVE, was prepared for the first time
by the reaction of dianion 1 with Au(PPh;)Cl in CH,Cl,
in the presence of TIBF4 and the resulting cluster was
structurally characterized. X-ray analysis demonstrated
that the Fe3O fragment remains virtually unchanged in
both structures of these complicated clusters.

Au{PPhy)Cl I—' c O ‘} [RR(COLCIY,

[Fes(ry-ONGO)J2™

Fe(pg-0)(CO)g{AU(PPN 3)} [FeaRhy(u5-0)CO)ysl™
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An alternative direction of the reaction of dianion 1
is also known. This dianion can react with metal-
containing (Mn or Re) groups to form heterometallic
"butterflies,” the coordination number being increased
from three to four.12

aorb

[Feg(us‘o)(co)g]2~ [FegM(,-0)(CO); 51~

M = Mn, Re

Reagents: a. [Mn(CO);(MeCN);]™. b. Re(CO)5(0SO,CF5).

It is believed that the driving force for this reaction
are interactions of the metal atom with the lone electron
pair of the u3-0 ligand in dianion 1 and the 2— charge,
which lead to coordination of the former at the edge
instead of coordination on the opposite side, viz.. at the
"free” plane of the Fe; ring to form the heterometallic
tetrahedron. To preclude this possibility, we decided to
fix the lone pair of the p;-O ligand. For this purpose,
we alkylated dianion 1. It was demonstrated that the
atkyl group readily added to the p;-O ligand to form
[Fe;(u3~-OR)(CO)l~ monoanions (2a,b, where R = Bu!
(a) or R = Me (b)) under the action of RI (R = Me or
Bu') in acetone at room temperature. Although the
syntheses of analogous compounds with R = H, Me,
and CH,CH=CH; have been mentioned in the brief
communication,?! data on the properties and structures
of these clusters are lacking in the literature. Cluster 2a
was prepared for the first time by us. The structure of 2a
is shown in Fig. 1. The selected bond lengths and bond
angles are given in Table 1. Compound 2a contains
the cluster [Fe;(u;-OBuf)(CO)g]™ anion possessing
48 CVE, and the [(Ph;P);N]* cation (PPN™). The
metal core of the anion is a virtually regular triangle
formed by the iron atoms (the average Fe—Fe distance
is 2.481 A). This triangle is symmetrically bound to the
u3-OBu' ligand (with approximate molecular symmetry
C3,). Analysis of the data available in the Cambridge
Structural Database (CSD, November 1998)22
demonstrated that complex 2a is the first example
of a structure in_which._the. alkoxide ligand . is bound
to three Fe atoms in tridentate fashion. The average
Fe—Q distance (1.940 A) is larger than those in the
related oxo complexes containing the (u;-0O)Fe;
fragment, viz., in [Fe;(u;-O)(CO)g)2~ (1.892 A) 2!
[Fe;(u3-0)(CO)g{Au(PPhs)},]  (1.876 A),20  and
[Fe;Rh3(u3-0)(CO) 51~ (1.90 A).28 The O(H—C(1)
bond in the terr-butoxy group is virtually perpendicular
to the planes through the three Fe atoms (the deviation
is 0.7°), the Me groups being in a pseudo-hindered
orientation with respect to the Fe atoms.

Fig. 1. Molecular structure of cluster 2a.

Table 1. Selected bond lengths (&) and bond angles (w) in
molecule 2a

Bond d/A Angle w/deg
Fe(1)—O(1) 1.941(3) Fe(3)—Fe(1)—Fe(2)  39.79(3)
Fe(2)—0(1) 1.938(3) Fe(3)—Fe(2)—Fe(l)  59.80(3)
Fe(3)—0(1) 1.942(3) Fe(2)—Fe(3)—Fe(l) 60.42(3)
Fe()—Fe(2)  2.492(1) C(1)—-0O(—Fe(2) 133.0(3)
Fe(l)—Fe(3) 2.477(1) C(H—O(1)—Fe(1) 131.7(3)
Fe(2)—Fe(3) 2.4764(9) C(1)—O(1)—Fe(3) 132.6(3)
o(N—-C(1) 1.474(5) Fe(2)—0O(1)—-Fe(l) 79.9(1)
P(1)—=N(1) 1.571(3) Fe(2)—O(1)—Fe(3) 79.3(D)
P(2)—N(1) 1.378(3) Fe(1)—O(1)—Fe(3) 79.3(1)

P()~N(1)—P(2) 143.2(2)

As can be seen from Fig. 1, the Fe atoms are each
bound to three terminal carbonyl groups. Six of these
carbonyl groups-lie virtually in the plane through the
three Fe atoms and the remaining three groups are
virtually perpendicular to this plane (the corresponding
angles are 75.8°, 77.8°, and 80.1°). The average Fe—C
and C—O distances are 1.768 and 1.146 A, respectively.

The P—N bond lengths (1.371 and 1.578 A) and the
P—N—P angle (143.2°) in the PPN™ cation differ only
slightly from those determined previously. Thus, ac-
cording to the CSD data (7235 fragments), the corre-
sponding average values are 1.576 A and 143.1°. The
parameters of the structure of 2a agree well with the
corresponding values in the molecule of the S-contain-
ing analog. Thus, the average values of the Fe—0Q—C
bond angles in 2a and of the Fe—S—C bond angles in
[Fey(u;-SPri)(CO)o]™ 23 are 132.4° and 133.9°, respec-
tively.

From Fig. 1 it can be also seen that the "outer side”
of the Fej ring as well as the the u3-O ligand are
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positively shielded by the Bu' group. There were reasons
to believe that the attack of the metal-containing re-
agent should occur preferentially on the "open" under-
side of the Fej triangle. Actually, in the reaction of
Au(PPh;)Cl with anion 2a. the Au(PPh;)™ group readily
added 10 form the uncharged cluster [Fes(CO)yips-
OBuYAu(PPh;)] (3) in good vield. The number of CVE
in this cluster (60) corresponds to the magic number of
CVE for the tetrahedron. However, X-ray analysis dem-
onstrated that compound 3 (Fig. 2) is a tetranuclear
heterometailic "butterfly” cluster containing the Fe;Au

C(35)

C(13)

Fig. 2. Molecular structure of cluster 3.

Table 2. Selected bond lengths (d) and bond angles (o) in
molecule 3

Bond d/A Angle w/deg
Au~—P 2.280¢3) - - Pe-Au~Fe(l) 155.44(1)
Au~Fe(l) 2.680(2) P—Au—Fe(2) 146.8(1)
Au—Fe(2) 2.721(2) Fe(l)—Au—Fe(2) 57.18(6)
Fe()—Fe(3)  2490(3) Fe(3)—Fe(1)—Fe(2) 3887(7)
Fe(1)—Fe(2) 2.385(3) Fe(3)—Fe(2)—Fe(1)  58.68(8)
Fe(2)—Fe(3) 2.495(3) Fe(1)—Fe(3)—Fe(2) 62.46(8)
Fe(1)—0O 1.952(3) C(41)—~0O~—Fe(2) 133.4(8)
Fe(2)—0O 1.958(8) Ci{41)—0O~—Fe(3) 130.7(8)
Fe(3)—0 1.952(9) C(41)—0O—Fe(!) 131.1(8)
0-—-C(41) 1.50¢2)  Fe(2)—0—Fe(l) 82.8(3)

Fe(3)—0—Fe(l) 79.3(3)

Fe(2)—0—Fe(3) 79.3(3)

core (60 CVE), which is a product of addition of the
Au(PPhy)* cation to anion 2a at the edge of the Fey
triangle, as in the cases of Mn- and Re-containing
groups.? Interestingly. the interaction of the goid-con-
taining fragment with the Fe—Fe bond leaves the geom-
etry of the initial core of [Fes(u3-OBu')(CO)q] virtually
unchanged. Thus, the addition of the Au atom at the
Fe(l)—Fe(2) bond results in a slight elongation of the
latter (2.585 A) compared to that in the structure of 2a
and the average Fe—O distance increases to 1.954 A
{Table 2). The angle between the wings of the FejzAu
"butterfly” in cluster 3 is 151.0°, which is substantially
larger than those in the related clusters. The Au—Fe
bond lengths (2.680 and 2.721 A, see Table 2) are in
the range typical of the closely related structures con-
taining the [(R;P)u1-Au){Fe(CO);},} fragment (2.622—
2.760 A:; CSD dara for 15 fragments).

Previously.2? the correlation between the dihedral
angles in tetranuclear "butterfly” clusters and the num-
ber of cluster valence electrons was established. Thus
62-electron clusters are characterized by dihedral angles
of 90—117°, while 64-electron clusters can be in es-
sence described as a distorted rhombus rather than as a
“butterfly” and the angles in these clusters are in the
range of 140—180°. The angles between the "burterfly”
wings for a series of analogous clusters containing the
AuMj core are given in Table 3. from which it follows
that the angles between the triangles have the largest
values in the first two clusters, which contain the AuRu;
and AuFey cores and in which the bulky Bu' group is
bound to the u5 ligand.

The structure of the metal core of cluster 3 is shown
in Fig. 3. It can be seen that the "butterfly” in cluster 3
is "turned” away from the 113-OR ligand. The Au atom is
located so that it causes the minimum steric "distur-
bance” of the initial monoanion 2a. The Au—C dis-
tances to the nearest CO groups are in the range of
2.627—2.753 A. Hence, the Au(PPh;)* fragment adds
to the initial monoanion in such a way as to minimize
the structural changes. As a result, the heterometallic
"butterfly,” which is turned inside out with respect to
the bridging ligand, is formed. This butterfly contains
the p3-O ligand on the outside rather than on the inside.

Table 3. Dihedral angles {¢) in the tetranuclear heterometallic
"butterfly” clusters with the M;Au core

Cluster ¢/deg Reference
AuFe;(u3-OBuYCQ)y(PPh;) 151 *
AuRuj(u;-SBu}(CO)e(PPhj) 1475 25
AuRu;(p3-C,Bu)(COY{ PPhy) 129.3 26
AuRus{u-H)(p;-PPhy}(CO)o(PMe;Ph)  106.2 27, 28
AuRu;(u;-COMe)CO)p(PPh;y) 17 2931
AuRu;(u-H),(u3-COMe)(CO)q(PPh3) 111.8 29—31
AuRu;(p-ClY(CO) o(PPh;) 117.2 32

* The data of the present work.
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Fig. 3. Overall view of the heterometallic core of cluster 3 (CO
ligands are omitted).

Experimental

The initial cluster [Fe3(u3-0)(CO) 1P~ (1) and Au(PPh;)CI
were prepared according to known procedures.12-33 All experi-
ments were carried out under an argon armosphere using
freshly distilled solvents. The elemental analysis of the resulting
compounds was performed on a CHN-3 analyzer. The IR
spectra were recorded on a Specord M-80 spectrophotometer.
The IR spectrum of cluster 2a is identical to that of dianion 1,
but the bands are shifted by 30 cm™! 1o the high-frequency
region. The IR spectrum of compound 3 does not have bands
typical of bridging carbony! groups and is shifted to the higher-
frequency region.

{u-Nitridobis(triphenylphosphine)(1+)]nanecarbonyl-jy;-but-~
oxytriferrate(1—), [PPN}[Fe3(it3-OBu*)(CO)o] (2a). A mix-
ture of [PPN],[Fe;(u3-ONCO)g] (1a) (0.453 g, 0.3 mmol) and
Bu'l (0.15 mL) in acetone (10 mL) was vigorously stirred
under an argon atmosphere at ~20 °C for 40 min. The solution
was filtered and concentrated on a rotary evaporator. The
residue was dissolved in CH,C1; (10 mL) and the solution was
filtered. Then hexane (20 mL) was added, the solution was
partially evaporated, and brown crystals that precipitated were
filtered off, washed with hexane, and dried in vacuo. Cluster 2a
was obtained in a yield 0f 0.295 g (95%). Found (%): C, 56.95;
H, 369, N. 1.26. C4QH39FCJNO|0P2. Calculated {%) C. 5707,
H, 3.81; N, 1.36. IR (CH,Cly), vCO/cm™': 2030 br. 1969 s,
1935 s, 1910 sh.

‘Tetracthylammonriumnanocarbonyl-jt ;-butoxytriferrate(1—),
[Et,NHFe3(n;-OMe)(CO)g] (2b). A mixture of [EtyN],fFe;(u;-
O)(CO)q} (0.696 g, 0.01 mmol) (la) and Mel (0.3 mL) in
acetone (10 mL) was vigorously stirred under an argon atmo-
sphere at -20 °C for 40 min. Then the solution was treated as
described above. Cluster 2b was obtained in a yield of 0.546 g
(94%). Found (%): C. 37.10; H, 3.85; N, 2.50.
C gH:3Fe;NOy,. Calculated (%): C. 37.22; H. 3.99; N, 2.41.
IR (CH,Cly), vCO/ecm™!: 2030 br, 1969 s, 1935 s, 1910 sh.

Nanocarbonyl-u;-butoxy-u,-triphenylphosphinegoldtri-
iron, [Fe3(CO)¢(jt3-OBu)Au(PPhs3)] (3). A mixture of cluster
2a (0.0502 g, 0.05 mmol), Au(PPh;)CI (0.0247 g, 0.05 mmol),
and TiBF, (0.0145 g, 0.05 mmol) in acerone (10 ml) was

Table 4. Crystallographic data and details of X-ray diffraction
study and structure refinement for compounds 2a and 3

Parameter 2a 3

Molecular formula CioH;9Fe3N{OpPy C3yHayyAu Fe;04P,

Molecular weight 1031.30 951.99
System Monoclinic -~ Monoclinic
Space group P/ P /e
a/A 14.695(3) 13.173(3)
b/A 18.838(4) 16.179(4)
¢/A 17.591(4) 16.518(3)
B/deg 93.63(3) 106.33(2)
V/A3 4860(2) 3378(1)
zZ 4 4
dege/e cm™3 1.410 1.872
F(000) 2112 1848
p(Mo-Kay/mm™! 1.006 3.692
Crystal

dimensions/mm 0.5x0.3%0.3 0.3%0.3x0.05

8 scanning mode

/(range/deg) ©/(2.06-25.96) ©/(2.04—23.97)
Ranges of reflection
indices -18<h< 17, -15<h< 14,
0< k<22, ~4< k<18
. 0</<20 0</< I8
Number of
measured
reflections 7720 5004
Number of
independent
reflections (R, 7466 (0.0233) 4259 (0.0686)
Number of
reflections
with / > 26(/) 5250 2593
Number of
refinable
parameters 590 388
R factors:
using reflections
with /> 2o(f) R, = 0.0426, Ry = 0.0487,
wR, = 0.1310 wR; = 0.1125
using all reflections R, = 0.0728, Ry = 0.1069,
wR, = 0.1576 wR, = 0.1783
Goodness of fit
based on £* 1.107 0.986
Residual electron
density ..
(min/max)/e-A™7 —0.365/0.396 —~0.807/1.305*

* About the Au atom.

stirred under an argon atmosphere for 3 min. Then CH;Cl,
(10 mL) was added to the solution and the mixture was vigor-
ously stirred for 30 min and filtered. The solvent was evaporated
on a rotary evaporator. The residue was chromatographed on a
column with silica gel using a 1 : 2 CH,Cly;—hexane mixture as
the eluent. The brown fraction was separated and concentrated.
Cluster 3 was obtained in a yield of 0.02 g (42%). Found (%):
C, 39.00; H, 2.44. C3 Hjp;AuFe;04P. Calculated (%):
C, 39.11; H, 2.54. IR (hexane), vCO/cm™': 2047 m, 2000 vs,
1990 s, 1970 m, 1947 m, 1930 sh,
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X-ray analysis of clusters 2a and 3. Crysials of 2a were
prepared by slow diffusion of hexane into a solution of this
compound in CH,Cl;. Crystals of 3 were prepared by recrystal-
lization from hexane. X-ray diffraction data sets were collected
on an automated Enraf-Nonius CAD-4 diffractometer at <20 °C
(Mo-Ka radiation, 0.71069 A, graphite monochromator). Both
structures were solved by direct methods3® and refined by the
full-matrix least-squares method with anisotropic thermal pa-
ramelters for all nonhydrogen atoms (SHELXL-93).3% All hy-
drogen atoms were placed in geometrically calculated positions
and refined using the riding model. The crystallographic data
and details of X-ray analysis and structure refinement for
compounds 2a and 3 are given in Table 4.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos. 98-03-
32976a and 98-03-33142a).
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