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ABSTRACT: Theoretical studies show that the 10-vertex system Cp,Fe,C,BsHy is the only
one of the 2n skeletal electron Cp,Fe,C,B, 4H, , systems (n =9, 10, 11, 12) for which a
true isocloso deltahedron having a single degree 6 vertex is highly favored over alternative
structures. This is demonstrated by the occurrence of only the 10-vertex isocloso deltahedron
as the central Fe,C,B¢ polyhedron in all nine of the Cp,Fe,C,BsHj structures within 8 kcal/
mol of the global minimum. Low energy isocloso structures are also observed for the
11-vertex Cp,Fe,C,B;Hy. However, interspersed with these isocloso structures are
Cp,Fe,C,B;H, structures based on deltahedra having two or more degree 6 vertices. For
the 12-vertex Cp,Fe,C,BgH 0, the six lowest energy structures all have central Fe,C,Bg
deltahedra with two degree 6 vertices, one for each iron atom. The Cp,Fe,C,BgH;o
structures having a central Fe,C,Bg icosahedron with all degree S vertices lie at significantly
higher energies, starting at 17.8 kcal/mol above the global minimum. The 9-vertex
Cp,Fe,C,BsH; system appears to be too small for isocloso structures to be favorable,

O-80- .

CpzFe;CoBrHg

CpaFesCsBgHig

although three such structures are found at energies between S.5 and 8.0 kcal/mol above the global minimum. Five Cp,Fe,C,BsH;
structures based on the tricapped trigonal prism lie in an energy below the lowest energy isocloso structure. The lowest energy
Cp,Fe,C,BsH; structure and two higher energy structures within 8.0 kcal/mol of the global minimum have central Fe,C,Bs

deltahedra with a degree 6 vertex for each iron atom.

1. INTRODUCTION

Hawthorne and co-workers' were the first to show that boron
vertices in polyhedral boranes and carboranes can be replaced by
transition metal vertices to give extensive series of metallabor-
anes and metallacarboranes. Much of the initial work in this area
used CpCo (Cp = cyclopentadienyl) vertices, which are isolobal
and isoelectronic with BH vertices and thus donors of two
skeletal electrons. Thus, a number of CpCoC,B, sH, ; and
Cp,Co0,C,B,_4H,_, derivatives were synthesized.k(’ These
dicobaltadicarbaboranes all have 2n + 2 skeletal electrons and
exhibit the most spherical deltahedral structures analogous to the
B,H,>  derivatives in accord with the Wade—Mingos rules.”

The early studies by Hawthorne and co-workers also included
some studies on the synthesis of ferracarboranes containing
CpFe vertices."’ In this connection, a CpFe vertex is a donor
of only one skeletal electron assuming the favored 18-electron
configuration for the iron atom. Therefore, diferracarboranes of
the type Cp,Fe,C,B, ,H, , have only 2n skeletal electrons
rather than the 2n + 2 skeletal electrons required by the
Wade—Mingos rules’® for the most spherical deltahedra. For
the 10-vertex systems Cp,Fe,C,BsHg and Cp,Co,C,B¢Hj, this
difference in skeletal electron count has a major effect on the
shape of the underlying M,C,B4 polyhedron (Figure 1). Thus,
Cp,Co,C,BgHg has a central Co,C,Bg bicagped square anti-
prism analogous to the well-known Bj;oH;o" . The different
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geometry of the central Fe,C,B¢ unit was originally interpreted
as a distorted bicapped square antiprism with an auxiliary Fe—Fe
bond between the two iron atoms. This model allows each CpFe
vertex to contribute the two skeletal electrons leading to the
2n + 2 skeletal electrons (= 22 for n = 10 in this case) required by
the Wade—Mingos rules’” for the bicapped square antiprism
geometry for a 10-vertex system. The auxiliary Fe—Fe bond,
considered external to the underlying bicapped square antiprism,
provides a mechanism for each CpFe vertex to be a donor of two
skeletal electrons, while each iron atom attains the favored 18-
electron configuration.

This hypoelectronic Cp,Fe,C,BsHg structure remained an
interesting but isolated anomaly in the literature for a number of
years until Kennedy and co-workers discovered several other
examples of hypoelectronic metallaborane structures based on
deltahedra topologically distinct from the closo deltahedra having
2n skeletal electrons.'' ™' This led to the proposal of a new class of
less spherical deltahedra for metallaboranes and metallacarbor-
anes, which have been called either isocloso™ or hypercloso'®™'®
deltahedra. The isocloso terminology will be used in this Article.
These metallaborane deltahedra are derived from the closo most
spherical metal-free borane deltahedra by a diamond-square-diamond
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Figure 1. Comparison of the Cp,Co,C,BsHg and Cp,Fe,C,BsHs
structures synthesized by Hawthorne and co-workers and characterized
structurally by X-ray crystallography.
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Figure 2. Comparison of the most spherical and the isocloso deltahedra
having 9 and 10 vertices. The degree 4 and 6 vertices are designated by
M and ¥ respectively, and the degree S vertices are unlabeled. In the
lowest energy isocloso metallaborane structures, the degree 6 vertices are
occupied by the metal atoms.

process," typically generating a degree 6 vertex for the metal
atom. The driving force behind this rearrangement is the
preference of transition metals for higher degree vertices relative to
carbon or boron atoms. Whereas metal-free boranes and carbor-
anes are known for all of the closo most spherical deltahedra from
the 6-vertex octahedron to the 12-vertex icosahedron, namely,
those with 6 to 12 vertices; metallaborane and dimetallaborane
deltahedra distinct from the most spherical deltahedra and with the
metal(s) at degree 6 vertices are known only for a more limited
range of vertex numbers, namely,, 9 to 12 vertices. The differences
between the most spherical and the isocloso metallaborane delta-
hedra having 9 and 10 vertices are illustrated in Figure 2. Since the
most spherical 11-vertex deltahedron necessarily has a single
degree 6 vertex,”® there is no change in deltahedral topology in
going from the most spherical deltahedron to the isocloso 11-vertex
deltahedron. In all of the metallaborane structures based on these
isocloso deltahedra, the unique degree 6 vertices are occupied by
transition metal atoms. Furthermore, localized bonding models
with combinations of two-center bonds in some of the deltahedral
edges and three-center bonds in some of the deltahedral faces can
account for the 2n skeletal electrons in the isocloso deltahedral
metallaboranes.”*

Despite the attractiveness of the chemical bonding models for
the hypoelectronic metallaboranes having 27 skeletal electrons, the
available experimental data, in terms of molecules synthesized and
characterized structurally, provide limited support for such mod-
els, particularly for systems with other than 10 vertices. Thus, only

one example of a 9-vertex isocloso metallaborane has been synthe-
sized, namely, the iridaborane (Me;P),HIrBgH,CL>> Further-
more, the 11-vertex most spherical deltahedron already has a
degree 6 vertex, so the most spherical and the isocloso 11-vertex
deltahedra both have the same topology.

In view of the limited experimental information on hypoelec-
tronic metallaboranes, we have used a different approach to
provide insight into the scope of the isocloso/hypercloso model by
effectively synthesizing the lowest energy metallaborane structures
in silico using well-established density functional theory methods.
Diferraborane structures of the type Cp,Fe,C,B, 4H, , struc-
tures were used for this study for the following reasons:

(1) The 10-vertex system, Cp,Fe,C,BsHg, was the first
experimental example of a hypoelectronic metallaborane
found to have a structure different from the correspond-
ing most spherical deltahedron;"

(2) The simple substitution of two CpFe vertices for two
CpCo vertices in the Cp,Co0,C,B,,_4H,,_, systems, which
have been studied extensively experimentally,' converts a
2n + 2 skeletal electron system predicted by the Wade—
Mingos rules’” to exhibit a most spherical deltahedral
structure to a 2n skeletal electron system of interest in the
context of the present work.

2. THEORETICAL METHODS

Full geometry optimizations have been carried out on the Cp,Fe,C,-
B,_4H,_, systems at the same B3LYP/6-31G(d)** ° level of
theory used for previous studies on cobaltadicarbaboranes®” and
cobaltaboranes.”® The initial structures were chosen by the systematic
substitution of two boron atoms from B,H,*" by two carbon atoms
followed by further substitution of all possible different pairs of boron
atoms in the resulting dicarbaborane by two CpFe units. This led to a
large number of different starting structures. Thus, 249 structures of the
9-vertex clusters Cp,Fe,C,BsH, 387 structures of the 10-vertex clusters
Cp,Fe,C,BsHg, 684 structures of the 11-vertex clusters Cp,Fe,C,B,H,,
and 359 structures of the 12-vertex clusters Cp,Fe,C,BgH;, were
chosen as starting points for the optimizations (see the Supporting
Information). The natures of the stationary points after optimization
were checked by calculations of the harmonic vibrational frequencies. If
significant imaginary frequencies were found, the optimization was
continued by following the normal modes corresponding to each of
the imaginary frequencies to ensure that only genuine minima were
obtained.

The structures, total and relative energies, and relevant interatomic
distances for all calculated systems are given in the Supporting Informa-
tion. Structures are numbered as B(n—4)C2Fe2-x where n is the
number of vertices, and x is the relative order of the structure on the
energy scale. Only the lowest energy and thus potentially chemically
significant structures are considered in detail in this Article. More
comprehensive lists of structures, including higher energy structures,
are given in the Supporting Information. The energy cutoff points
chosen depend upon the distribution of isomer structures and their
energies and are indicated in the figure captions. The chosen energy
cutoff points led to sets of 7 to 12 structures for a given cluster size
discussed in detail in this Article.

All calculations were performed using the Gaussian 09 package® with
the default settings for the SCF cycles and geometry optimization,
namely, the fine grid (75,302) for numerically evaluating the integrals,
10~ hartree for the self-consistent field convergence, maximum force
of 0.000450 hartree/bohr, rms force of 0.000300 hartree/bohr,
maximum displacement of 0.001800 bohr, and rms displacement of
0.001200 bohr.

9572 dx.doi.org/10.1021/ic201321f |Inorg. Chem. 2011, 50, 9571-9577



Inorganic Chemistry

B5C2Fe2-1 B5C2Fe2-2 B5C2Fe2-3 B5C2Fe2-4
0.0 keal/mol 1.0 kcal/mol 3.0 kcal/mol 3.2 keal/mol
B5C2Fe2-5 B5C2Fe2-6 B5C2Fe2-7 B5C2Fe2-8
4.1 kcal/mol 4.5 kcal/mol 5.2 kcal/mol 5.5 kcal/mol
B5C2Fe2-9 B5C2Fe2-10 B5C2Fe2-11 B5C2Fe2-12
6.3 kcal/mol 7.5 keal/mol 7.7 kcal/mol 8.0 kcal/mol

Figure 3. Twelve optimized Cp,Fe,C,BsH; structures within 8 kcal/
mol of the global minimum.

Table 1. Summary of the 12 Cp,Fe,C,BsH, Structures within
8 kcal/mol of the Global Minimum

vertex degrees  distances® Fe—C

structure (symmetry) AE Fe C Fe—Fe C—C edges comments’

B5C2Fe2—1 (C;) 00 66 44 2627 2.553 1,1  concave
BSC2Fe2—2 (C,) 10 55 44 3335 2570 1,1 TTP
BSC2Fe2—3 (C,) 3.0 55 44 3410 2605 2,1 TTP
B5C2Fe2—4 (C) 32 55 44 2417 2551 1,1 TTP
BSC2Fe2—5 (C,) 41 66 44 3.09 3220 2,1 oblatocloso
B5SC2Fe2—6 (C) 45 55 44 25422590 1,1 TTP
BSC2Fe2—7 (C;) 52 55 44 2456 2623 21 TTP
BSC2Fe2—8 (C,) 5.5 65 44 2709 2708 2,0 isocloso
BSC2Fe2—9 (C,) 63 6,6 44 3.126 2.626 22 oblatocloso
B5C2Fe2—10 (C,) 7.5 55 44 3.384 2606 2,1 TTP
BSC2Fe2—11(C,) 7.7 65 54 3.145 2451 2,1 isocloso
BSC2Fe2—12 (C;) 80 65 44 2.626 3.166 2,1 isocloso

“ The distances in bold correspond to direct Fe—Fe bonds (i. e., an edge
of the deltahedron). ®TTP = the Dy, 4,4/4-tricapped trigonal prism (i. e.,
the most spherical 9-vertex deltahedron (Figure 2)).

3. RESULTS

3.1.9-Vertex Cp,Fe,C;BsH; Structures. A total of 26 structures
for Cp,Fe,C,BsH; were found within 15 kcal/mol of the global
minimum indicating a complicated potential energy surface. Among
these 26 structures, the 12 structures within 8 kcal/mol of the global
minimum are depicted in Figure 3 and listed in Table 1. The nine
lowest energy structures (up to 6.3 kcal/mol above the global
minimum BSC2Fe2—1) have the two carbon atoms at the
preferred degree 4 vertices. Structures BSC2Fe2—2, BSC2Fe2—3,
B5C2Fe2—4, BSC2Fe2—6, BSC2Fe2—7, and BSC2Fe2— 10, at
1.0, 3.0, 3.2, 4.5, 52, and 7.5 kcal/mol above BSC2Fe2—1,
respectively, all have an underlying Fe,C,Bs tricapped trigonal
prism and thus are based on the 9-vertex most spherical deltahedron
with only degree 4 and 5 vertices. In these structures, the iron atoms

are necessarily located at degree 5 rather than degree 6 vertices.
These structures differ in the locations of the Fe, C, and B atoms at
the nine vertices of the deltahedron. The close energy spacings of
these structures suggest a highly fluxional system. The lowest energy
Cp,Fe,C,BsH; structure having an underlying Fe,C,Bs 9-vertex
isocloso deltahedron with a single degree 6 vertex surrounded by four
degree 4 vertices (Figure 2) is BSC2Fe2—8, lying 5.5 kcal/mol
above BSC2Fe2—1. Other isocloso Cp,Fe,C,BsH, structures
within 8 kcal/mol of BSC2Fe2—1 include BSC2Fe2—11
and BSC2Fe2—12 at 7.7 and 8.0 kcal/mol, respectively, above
BSC2Fe2—1. In these three isocloso Cp,Fe,C,BsH; structures,
one of the iron atoms is located at the unique degree 6 vertex in
accord with expectations. These observations indicate that the
isocloso 9-vertex deltahedron is not particularly favorable for the
Cp,Fe,C,BsH; system with 211 (= 18 for n = 9) skeletal electrons,
contrary to expectations.

Three of the 12 Cp,Fe,C,BsH; structures within 8 kcal/mol of
the global minimum BSC2Fe2—1 are based on 9-vertex deltahedra
having two degree 6 vertices and thus resemble topologically the
oblatocloso Cp,Re,B,H, deltahedron (Figure 3 and Table 1).%°~*
In all three of these structures, the two iron atoms are located at the
two degree 6 vertices. Structures BSC2Fe2—5 and BSC2Fe2—9,
lying 4.1 and 6.3 kcal/mol above BSC2Fe2—1, resemble oblatocloso
structures for Cp,Re,B;H; with the two degree 6 iron vertices in
nearly antipodal positions; however, their Fe - - - Fe distances through
the center of the deltahedron are clearly nonbonding distances of
~3.1 A. Both structures, BSC2Fe2—5 and BSC2Fe2—9, have the
same underlying Fe,C,Bs deltahedron with two degree 6 vertices,
two degree S vertices, and five degree 4 vertices. They differ only in
the pair of vertices occupied by the two carbon atoms.

The most unusual Cp,Fe,C,BsH; structure is the global
minimum structure, BSC2Fe2—1, which has two approximately
antipodal degree 6 vertices occupied by iron atoms like
the structures BSC2Fe2—S5 and BSC2Fe2—9 (Figure 3 and
Table 1). However, structure BSC2Fe2—1 has a short Fe—Fe
distance of 2.627 A, indicative of an iron—iron bond through the
center of the polyhedron. The Cp,Fe,C,BsH; polyhedron can
be interpreted as a slightly concave deltahedron with the Fe—Fe
bond shared by two triangular faces bent toward the center of the
polyhedron. The predicted BFeFeB dihedral angle of this con-
cavity is 157.8° as compared with 180° for a coplanar Fe,B, unit.

3.2. 10-Vertex Cp,Fe,C,BgHg Structures. A total of nine
Cp,Fe,C,B¢Hj structures were found within 8 kcal/mol of the
global minimum (Figure 4 and Table 2). All of these structures
have an underlying Fe,C,B¢ isocloso 10-vertex deltahedron
(Figure 2) with one iron atom at the unique degree 6 vertex
and the other iron atom at a degree S vertex. The two lowest lying
structures, B6C2Fe2—1 and B6C2Fe2—2, have two of the three
degree 4 vertices of the 10-vertex isocloso deltahedron occupied
by carbon atoms. The Cp,Fe,C,BsHjg isomer isolated in ~5%
yield from the reaction of C,B,Hy> " and NaCsH; with FeCl, by
Hawthorne and co-workers'® is shown by X-ray crystallography
to be B6C2Fe2—2, which lies only 0.3 kcal/mol above the global
minimum B6C2Fe2—1 and is the lowest energy Cp,Fe,C,BsHg
structure with a direct Fe—Fe bond. The predicted 2.602 A
length of this Fe—Fe bond is close to the experimental Fe—Fe
distance of 2.571 A. The degree 6 iron atom in B6C2Fe2—2 is
directly bonded to both carbon atoms with predicted distances of
1.962 and 2.010 A, close to the experimental distances of 1.962
and 1.992 A. The degree S iron atom in B6C2Fe2—2 is directly
bonded to only one of the carbon atoms with a predicted distance
of 1.849 A, close to the experimental distance of 1.873 A. The
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Figure 4. Nine optimized Cp,Fe,C,BsHj structures within 8 kcal/mol
of the global minimum.

Table 2. Summary of the Nine Cp,Fe,C,BsHjg Structures
within 8 kcal/mol of the Global Minimum

vertex degrees  distances” Fe—C

structure (symmetry) AE Fe C Fe—Fe C—C edges comments

B6C2Fe2—1(C,) 00 65 44 3311 2663 20 isocloso
B6C2Fe2—2 (C;) 03 65 44 2.602 2.705 2,1 isocloso
B6C2Fe2—3 (C,) 27 6,5 54 3336 3.042 21  isocloso
B6C2Fe2—4 (C) 3.1 65 44 2551 2754 22 isocloso
B6C2Fe2—5 (C;) 43 65 44 2593 3.020 2,1 isocloso
B6C2Fe2—6 (C,) 47 65 44 3371 2.694 2,1  isocloso
B6C2Fe2—7 (C,) 7.6 65 54 3.387 3.019
B6C2Fe2—8 (C;) 7.7 65 54 2.666 2.601 1,1 isocloso
B6C2Fe2—9 (C,) 78 65 55 3.384 2.583 2,1 isocloso

“ The distances in bold correspond to direct Fe—Fe bonds (i. e., an edge
of the deltahedron).

2,1 isocloso

green color reported for B6C2Fe2—2 is consistent with the
presence of a direct Fe—Fe bond. Experimental work with the
dicobaltadicarbaboranes Cp,Co,C,B, 4H, , shows that spe-
cies with direct Co—Co bonds are green, whereas those without
direct Co—Co bonds are red.*

3.3. 11-Vertex Cp,Fe,C,B;Hy Structures. The 11-vertex
most spherical deltahedron necessarily has a degree 6 vertex so
that the most spherical 11-vertex deltahedron is the same as the
isocloso 11-vertex deltahedron. This deltahedron is found in five
of the seven lowest energy Cp,Fe,C,B,H, structures, namely,
B7C2Fe2—2, B7C2Fe2—4, B7C2Fe2—5, B7C2Fe2—6, and
B7C2Fe2—7 lying 2.8, 4.7, 6,5, 6.6, and 6.8 kcal/mol above
the global minimum B7C2Fe2—1, respectively (Figure S and
Table 3). These structures differ only in the positions of the
iron and carbon atoms on the vertices of the 11-vertex isocloso
deltahedron. In all of these structures, one of the iron atoms is
located at the unique degree 6 vertex and the other iron atom is at

B7C2Fe2-1
0.0 kecal/mol

B7C2Fe2-2
2.8 keal/mol

B7C2Fe2-3
3.1 keal/mol

B7C2Fe2-4
4.7 keal/mol

B7C2Fe2-7
6.8 kcal/mol

B7C2Fe2-5
6.5 kcal/mol

B7C2Fe2-6
6.6 kcal/mol

Figure 5. Seven optimized Cp,Fe,C,B;Hj structures within 8 kcal/mol
of the global minimum.

Table 3. Summary of the Seven Cp,Fe,C,B,H, Structures
within 8 kcal/mol of the Global Minimum

vertex degrees  distances” Fe—C

structure (symmetry) AE Fe C Fe—Fe C—C edges comments’’

B7C2Fe2—1(C,) 00 66 54 3286 3234 2,1 2

B7C2Fe2—2 (C,) 28 65 44 3421 3283 21 isocloso
B7C2Fe2—3 (C,,) 31 66 44 2713 2881 11  3u

B7C2Fe2—4 (C,) 47 6,5 44 2.584 3282 2,1 isocloso
B7C2Fe2-5(C,) 65 65 54 3396 2772 2,1 isocloso
B7C2Fe2—6 (C,) 66 65 44 3378 2.607 1,1 isocloso
B7C2Fe2—7 (C,) 68 65 54 2.651 3330 1,1 isocloso

“ The distances in bold correspond to direct Fe—Fe bonds (i. e., an edge
of the deltahedron). ® For these 11-vertex systems, the isocloso deltahe-
dron is the same as the most spherical deltahedron, which has a unique
degree 6 vertex (vg). “ The numbers of degree 6 vertices are given as 1 vs.

one of the degree S vertices. In structures B7C2Fe2—4 and
B7C2Fe2—7, the two iron atoms are connected by edges of
length 2.584 A and 2.651 A, respectively, corresponding to an
Fe—Fe single bond.

Several low-energy Cp,Fe,C,B;Hy structures are based on
less spherical 11-vertex deltahedra having two or even more
degree 6 vertices (Figure S and Table 3). In such structures, each
iron atom is located at a degree 6 vertex. The lowest energy
Cp,Fe,C,B,H, structure B7C2Fe2—1 is such a structure having
the iron atoms in approximately antipodal positions with a
nonbonding Fe- - - Fe distance of 3.286 A. Because of this long
nonbonding Fe- - - Fe distance, the B7C2Fe2—1 structure can-
not be considered to be an oblate structure® analogous to
Cp,Re,BgHy. Furthermore, the central Fe,C,B- polyhedron in
B7C2Fe2—1 with no vertex degree higher than 6 is clearly
different from the central Re,Bg polyhedron in Cp,Re,BoH, with
a degree 7 rhenium vertex. In the central 9-vertex C,B- unit of
B7C2Fe2—1 an adjacent BBC unit is bonded to both iron atoms,
whereas the remaining single carbon atom and five boron atoms
are bonded to only a single iron atom.

The remaining Cp,Fe,C,B;Hj structure, namely, B7C2Fe2—3
lying 3.1 kcal/mol above the global minimum B7C2Fe2—1, is a
relatively symmetrical C,, structure with three degree 6 vertices
(Figure S and Table 3). Two of these degree 6 vertices are
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B8C2Fe2-2
0.1 keal/mol

B8C2Fe2-4
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B8C2Fe2-1
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B8C2Fe2-3
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Figure 6. Ten optimized Cp,Fe,C,BgH,( structures within 20 kcal/
mol of the global minimum.

Table 4. Summary of the Ten Cp,Fe,C,BgH,( Structures
within 20 kcal/mol of the Global Minimum

vertex degrees  distances” Fe—C

structure (symmetry) AE Fe C Fe—Fe C—C edges comments”

B8C2Fe2—1(C,) 00 66 5S4 2.642 2630 1,1 2wv4
B8C2Fe2—2 (C,) 0.1 66 54 2.623 3225 21 24
B8C2Fe2—3 (C,) 65 66 55 2702 2599 11 2us
B8C2Fe2—4 (C,,) 79 66 44 3399 2842 11 3ug
B8C2Fe2—5 (C,) 107 6,6 44 3537 3855 11 2w
B8C2Fe2—6 (C;) 138 66 54 3573 3575 11 2w
B8C2Fe2—7 (C) 178 55 55 4277 3.118 1,1 icosahedron
B8C2Fe2—8 (C;) 183 55 55 3.579 3.163 1,1 icosahedron
B8C2Fe2—9 (C;) 186 66 S4 3562 3342 20 2w
B8C2Fe2—10 (C,) 19.6 6,6 44 3362 2941 1,1 3,

“ The distances in bold correspond to direct Fe—Fe bonds (i. e., an edge
of the deltahedron). * The numbers of degree 6 vertices are given as 11 ve.

occupied by iron atoms, which also share a bonding edge of predicted
length 2.713 A. The third degree 6 vertex in B7C2Fe2—3 is
occupied by a boron atom. This boron atom forms an isosceles
Fe,B macrotriangle with the iron atoms having two nonbonding
Fe- - B edges of length 3.083 A as well as the bonding Fe—Fe
edge of 2.713 A noted above.

3.4. 12-Vertex CpyFe,C;BgH; o Structures. The Cp,Fe,C,-
BgH;, potential energy surface appears to be simpler than the
other Cp,Fe,C,B, ,H, , (n=9, 10, 11) potential energy surfaces
since there are only four structures within 8 kcal/mol of the global
minimum B8C2Fe2—1 (Figure 6 and Table 4). Furthermore,
all four structures are nonicosahedral deltahedra having two
degree 6 vertices occupied by the iron atoms. In the three lowest
energy Cp,Fe,C,BgH g structures, namely, the global minimum

B8C2Fe2—1 as well as BSC2Fe2—2 and B8C2Fe2—3 lying 0.1
and 6.5 kcal/mol, respectively, above this global minimum, the
iron atoms share deltahedral edges of lengths 2.642, 2.623, and
2.702 A, respectively, corresponding to an iron—iron bond. The
close energy spacing of only 0.1 kcal/mol between BSC2Fe2—1
and B8C2Fe2—2 suggests a highly fluxional system. The
Cp,Fe,C,BgH; structure BSC2Fe2—4, lying 7.9 kcal/mol above
the global minimum B8C2Fe2—1, has a third degree 6 vertex that
is occupied by one of the boron atoms. In this structure, the three
degree 6 vertices form an Fe,B isosceles triangle with two 3.198 A
Fe: - B edges and one 3.399 A Fe- - - Fe edge.

Because of this limited number of low energy Cp,Fe,C,BgH;o
structures as well as the lack of icosahedral structures within 8 kcal/
mol of the global minimum, the energy range under consider-
ation for Cp,Fe,C,BgH;, was expanded to 20 kcal/mol above
B8C2Fe2—1 in which 10 structures were found (Figure 6
and Table 4). The lowest energy icosahedral structure for
Cp,Fe,C,BgH,is BSC2Fe2—7 at 17.8 kcal/mol above the global
minimum. This lowest energy icosahedral Cp,Fe,C,BgH; struc-
ture B8C2Fe2—7 has the iron atoms very far apart in antipodal
positions with a long nonbonding Fe- - - Fe distance of 4277 A.

No 12-vertex Cp,Fe,C,BgH species have been synthesized.
However, the known allylmolybdenum carbonyl anion®* [(#*-
C3H;5)Mo(CO),C,Ph,BoHy] ™ has a central MoC,B, delta-
hedron very similar to the central Fe,C,Bg deltahedron in
B8C2Fe2—S5, lying 10.7 kcal/mol above B8C2Fe2—1 (Figure 6
and Table 4). In the [(17°-C3Hs)Mo(CO),C,Ph,BoH,] ™ struc-
ture, the two carbon atoms are located at degree 4 vertices, and the
molybdenum atom is located at one of the degree 6 vertices. The
slightly higher energy Cp,Fe,C,BgH; structure B8C2Fe2—6,
lying 13.8 kcal/mol above B8C2Fe2—1, has the same central
Fe,C,Bg deltahedron as BSC2Fe2—S but with one of the carbon
atoms at a different vertex. Thus, in BSC2Fe2—S§ the two carbon
atoms are located in essentially antipodal positions with a relatively
long C- -+ - C distance of 3.855 A. However, in BSC2Fe2—6 the
nonbonding C- - - C distance is significantly shorter at 3.575 A.

4. DISCUSSION

The conversion of the most spherical closo borane deltahedra
having, in general, only degree 4 and S vertices for structures to less
spherical isocloso/hypercloso metallaborane deltahedra has been
assumed to be driven by the preference of transition metals for
degree 6 vertices. Furthermore, an analgsis of the chemical
bonding topology in isocloso metallaboranes™" provides reasonable
localized bonding models consisting of two-center two-electron
and three-center two-electron bonds for such systems. These
observations suggest the existence of isocloso metallaboranes
having 21 rather than 2 + 2 skeletal electrons for various numbers
of vertices from 9 to 12. The structures of such hypoelectronic
isocloso metallaboranes are assumed to be based on deltahedra
having vertices of degree 6 for the metal atoms. Such deltahedra
can be derived from the corresponding most s&)herical deltahedra
by diamond-square-diamond transfomations.'” Such processes
generate degree 6 vertices for metal atoms while concurrently
converting a corresponding number of the degree S vertices to
degree 4 vertices. However, the range of such metallaborane
structures that have been synthesized and definitively character-
ized structurally is very limited compared to what might be
expected from such a geometrical exercise. For this reason, the
theoretical study discussed in this Article was undertaken to assess
whether the types of metallaborane structures that can be
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generated by this geometrical exercise are also favorable energe-
tically. The simple substitution of the two CpCo vertices in the
dicobaltadicarbaboranes Cp,Co,C,B, ,H, , (n =9, 10, 11, 12)
with two CpFe vertices to give the corresponding diferradicarba-
boranes Cp,Fe,C,B, 4H,_, is a simple way, at least on paper, to
convert closo species having 2n + 2 skeletal electrons to isocloso
species having only 2 skeletal electrons. Furthermore, Hawthorne
and co-workers'® were able to synthesize and characterize struc-
turally by X-ray diffraction both the closo Cp,Co,C,BsHg with 21 + 2
skeletal electrons and a bicapped square antiprismatic structure as
well as the isocloso Cp,Fe,C,BgHj structure with the corresponding
isocloso 10-vertex deltahedral structure with 2 skeletal electrons and
one of the iron atoms at the unique degree 6 vertex.

The results from this research indicate quite clearly that the
10-vertex isocloso deltahedron having a unique degree 6 vertex, six
degree S vertices, and three degree 4 vertices (Figure 2) is
strongly preferred for the 10-vertex system Cp,Fe,C,BsHg with
2n (= 20 for n = 10) skeletal electrons. Thus, all nine
Cp,Fe,C,B¢Hg structures within 8 kcal/mol of the global
minimum have such a central Fe,C,B4 polyhedron (Figure 4
and Table 2). These nine structures differ only in the locations of
the Fe, C, and B atoms on the vertices of this deltahedron.

The 11-vertex most spherical deltahedron already has a degree
6 vertex for a metal atom without rearrangement to a less
spherical deltahedron. Therefore, the most spherical 11-vertex
deltahedron can also serve as an 11-vertex isocloso deltahedron
without any polyhedral rearrangement. In fact, five of the seven
Cp,Fe,C,B;Hy structures within 8 kcal/mol of the global
minimum, namely, B7C2Fe2—2, B7C2Fe2—4, B7C2Fe2—S5,
B7C2Fe2—6,and B7C2Fe2—7 at 2.8,4.7, 6.5, 6.6, and 6.8 kcal/
mol, respectively, above B7C2Fe2—1 (Figure S and Table 3),
have a central Fe,C,B- isocloso 11-vertex deltahedron with one of
the iron atoms at the unique degree 6 vertex. These five
structures differ only in the locations of the other iron atom
and the two carbon atoms relative to this unique degree 6 vertex.
The lowest energy Cp,Fe,C,B,Hj structure B7C2Fe2—1 is of a
different type with a central Fe,C,B, deltahedron having two
degree 6 iron vertices in approximately antipodal positions. The
seventh of these low energy Cp,Fe,C,B,H, structures, namely,
B7C2Fe2—3 at 3.1 kcal/mol above B7C2Fe2—1, has a central
Fe,C,B; deltahedron with three degree 6 vertices. In
B7C2Fe2—3, iron atoms are located at two of these degree 6
vertices and a boron atom at the third degree 6 vertex. The three
degree 6 vertices in B7C2Fe2—3 form an isosceles Fe,B triangle
with a bonding Fe—Fe edge of 2.713 A and two equivalent
nonbonding Fe- - -B edges of 3.083 A. The general conclusion
from these observations on low energy Cp,Fe,C,B,Hy struc-
tures is that the expected isocloso structures with one of the iron
atoms at the unique degree 6 vertex are still favorable structures.
However, alternative structures based on 11-vertex deltahedra
with two or three degree 6 vertices and both iron atoms at degree
6 vertices are competitive in energy.

The general stability of icosahedral boranes as well as icosahe-
dral structures for all of the Cp,Co0,C,BgH; isomers that have
been synthesized suggest the possibility of low-energy icosahe-
dral structures for Cp,Fe,C,BgH,o. However, five of the nine
lowest energy Cp,Fe,C,BgH;q structures, namely, the global
minimum B8C2Fe2—1 as well as the structures BSC2Fe2—2,
B8C2Fe2—3, BSC2Fe2—S5, B8C2Fe2—6, and B8C2Fe2—9 at
0.1, 6.5,10.7,13.8, and 18.6 kcal/mol above BSC2Fe2—1, are all
based on central 12-vertex Fe,C,Bg deltahedra with two degree 6
vertices, two degree 4 vertices, and eight degree S vertices rather

than the twelve degree S vertices of the regular icosahedron. In all
of these Cp,Fe,C,BgH, structures, the iron atoms are located at
the two degree 6 vertices. The lowest energy Cp,Fe,C,BgH;,
structure with a central Fe,C,Bg regular icosahedron is the
structure B8C2Fe2—7, lying 17.8 kcal/mol above the global
minimum B8C2Fe2—1. Thus, the preference of iron atoms for
degree 6 vertices overrides the general tendency of 12-vertex
boranes to form icosahedral structures with all degree 5 vertices.
The study discussed in this Article provides no theoretical
evidence for the still experimentally unknown isocloso 12-vertex
structures having a single degree 6 vertex, a single degree 4 vertex,
and ten degree 5 vertices. Such structures would be analogous to
the isocloso deltahedra with 9, 10, and 11 vertices (Figure 2).

The 9-vertex isocloso deltahedra has its unique degree 6 vertex
flanked by the four degree 4 vertices (Figure 2). The concentra-
tion of degree 4 vertices makes this isocloso deltahedron less
favorable than the larger isocloso deltahedra having fewer degree 4
vertices. Nevertheless, the 9-vertex isocloso deltahedron is found
in three of the Cp,Fe,C,BsH; structures within 8 kcal/mol of the
global minimum, namely, BSC2Fe2—8, BSC2Fe2—11, and
BSC2Fe2—12 at .5, 7.7, and 8.0 kcal/mol above BSC2Fe2—1.
The 9-vertex most spherical deltahedron, namely, the tricapped
trigonal prism (Figure 2), is found in six of the low energy
Cp,Fe,C,BsH; structures, namely, BSC2Fe2—2, BSC2Fe2—3,
BSC2Fe2—4, BSC2Fe2—6, BSC2Fe2—7,and BSC2Fe2—10 at
1.0,3.0,3.2,4.5,5.2,and 7.5 kcal/mol above BSC2Fe2—1. These
two deltahedra account for nine of the 12 Cp,Fe,C,BsH;
structures within 8 kcal/mol of BSC2Fe2—1.

The three remaining 9-vertex Cp,Fe,C,BsH; structures with-
in 8 kcal/mol of the global minimum are all based on deltahedra
having two degree 6 vertices where the iron atoms are located.
Structures BSC2Fe2—5 and BSC2Fe2—9, lying 4.1 and 6.3
kcal/mol, respectively, above BSC2Fe2—1, are based on the
same oblatocloso®® Fe,C,Bs deltahedron in which the two degree
6 iron vertices are located in approximately antipodal positions.
This deltahedron is essentially the same as that for the
dirhenaborane®® 32 Cp,Re,B,H, except that in Cp,Fe,C,BsH;
structures, the nearly antipodal Fe - - - Fe distances of ~3.1 A are
too long for a intrapolyhedral iron—iron bond. These structures
differ in the location of the two carbon atoms in the C,B- belt
between the two iron vertices.

The most unusual of the Cp,Fe,C,BsH; structures is the
lowest energy structure BSC2Fe2—1, another structure in which
both iron atoms are located at degree 6 vertices. The Fe—Fe
distance of 2.627 A suggests a formal iron—iron bond. The two
triangular faces sharing this Fe—Fe bond are oriented toward the
center of the Fe,C,Bs deltahedron creating a slight indentation
(concavity). The BFeFeB dihedral angle of this concavity is
predicted to be 157.8° as compared with 180° for a planar Fe,B,
unit. This unusual concave deltahedron as the lowest energy
structure combined with the observation of numerous low-
energy tricapped trigonal prism structures suggests that the
9-vertex Cp,Fe,C,BsH; system is too small for the true 9-vertex
isocloso deltahedron (Figure 2) to be an energetically favorable
structure.

A limitation in using this study to make more general conclu-
sions on the preferred polyhedra for hypoelectronic metallabor-
anes with 9 to 12 vertex atoms having 21 skeletal electrons lies in
the choice of Cp,Fe,C,B, 4H, , systems for this study. Such
systems were chosen because of their relevance to the experi-
mental realization'® of the lowest energy Cp,Fe,C,B¢Hj struc-
ture. However, these Cp,Fe,C,B, 4H, , systems have the
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disadvantage of having two metal atoms rather than only a single
metal atom. This suggests a possible preference for deltahedra with
two degree 6 vertices, one for each iron atom, rather than true
isocloso deltahedra with only a single degree 6 vertex so that only
one of the two iron atoms can be at a degree 6 vertex. A better test
for the tendency for systems with 2n rather than 2n + 2 skeletal
electrons to form isocloso structures would be a study of the 2n
skeletal electron CpMnC,B,,_3H,_; systems having only a single
metal atom. However, such systems have not yet been realized
experimentally and thus are of less interest to most chemists.

5. SUMMARY

The 10-vertex system Cp,Fe,C,BsHjg is the only Cp,Fe,C,-
B, 4H, ,system (n =9, 10, 11, 12) having 2n skeletal electrons
for which a true isocloso deltahedron is highly favored over
alternative structures. This is demonstrated by the occurrence
of only the 10-vertex isocloso deltahedron as the central Fe,C,Bg
polyhedron in all nine of the Cp,Fe,C,B4Hg structures within
8 kcal/mol of the global minimum. Low energy isocloso structures
are also observed for the 11-vertex Cp,Fe,C,B,Ho. However,
interspersed with these isocloso structures are Cp,Fe,C,B,Hy
structures based on deltahedra with two or more degree 6 vertices.
In such structures, each transition metal is located at a degree
6 vertex. For the 12-vertex Cp,Fe,C,BgH,0, the four lowest
energy structures all have central Fe,C,Bg deltahedra with two
degree 6 vertices, one for each iron atom. The Cp,Fe,C,BsH;,
structures having a central Fe,C,Bg icosahedron with all degree
S vertices lie at significantly higher energies, starting at 17.8 kcal/
mol above the global minimum.

The 9-vertex Cp,Fe,C,BsH; system appears to be too small
for isocloso structures to be favorable energetically, although three
such structures are found at energies between 5.5 and 8.0 kcal/
mol above the global minimum. Five Cp,Fe,C,BsH; structures
based on the tricapped trigonal prism lie in an energy below the
lowest energy isocloso structure. The lowest energy Cp,Fe,C,BsH;
structure and two higher energy structures within 8.0 kcal/mol of
the global minimum have central Fe,C,Bs deltahedra with a
degree 6 vertex for each iron atom.
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and energy rankings for the Cp,Fe,C,B, 4H, , structures
(n =9, 10, 11, 12). This material is available free of charge via
the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: rbking@chem.uga.edu.

B ACKNOWLEDGMENT

Funding from the Romanian Ministry of Education and
Research, grant PCCE 140/2008, and the U.S. National Science
Foundaton is gratefully acknowledged.

B REFERENCES

(1) Callahan, K. P.; Hawthorne, M. F. Adv. Organomet. Chem. 1976,
14, 14S.

(2) Kaloustian, M. K.; Wiersema, R. J.; Hawthorne, M. F. J. Am.
Chem. Soc. 1971, 93, 4912.

(3) Kaloustian, M. K.; Wiersema, R. J.; Hawthorne, M. F. J. Am.
Chem. Soc. 1972, 94, 6679.

(4) Grimes, R. N; Zalkin, A.; Robinson, W. T. Inorg. Chem. 1976,
18, 2274.

(S) Hoel, E.L; Strouse, C. E.; Hawthorne, M. F. Inorg. Chem. 1974,
13, 1388.

(6) Callahan, K. P.; Strouse, C. E.; Sims, A. L.; Hawthorne, M. F.
Inorg. Chem. 1974, 13, 1397.

(7) Wade, K. Chem. Commun. 1971, 792.

(8) Mingos, D. M. P. Nature Phys. Sci. 1972, 99, 236.

(9) Mingos, D. M. P. Acc. Chem. Res. 1984, 17, 311.

(10) Callahan, K. P,; Evans, W. J.; Lo, F. Y,; Strouse, C. E;
Hawthorne, M. F. J. Am. Chem. Soc. 1975, 97, 296.

(11) Bould, J.; Kennedy, J. D.; Thornton-Pett, M. J. Chem. Soc,
Dalton Trans. 1992, 563.

(12) Kennedy, J. D.; Stibr, B. In Current Topics in the Chemistry of
Boron; Kabalka, G. W, Ed.; Royal Society of Chemistry: Cambridge, U.
K., 1994; pp 285—292.

(13) Kennedy, J. D. In The Borane-Carborane-Carbocation Conti-
nuum; Casanova, J., Ed.; Wiley: New York, 1998; Ch. 3, pp 85—116.

(14) Stibr, B.; Kennedy, J. D.; Drdakové, E.; Thornton-Pett, M.
J. Chem. Soc., Dalton Trans. 1994, 229.

(15) Kennedy, J. D. Inorg. Chem. 1986, 25, 111.

(16) Baker, R. T. Inorg. Chem. 1986, 25, 109.

(17) Johnston, R. L.; Mingos, D. M. P. Inorg. Chem. 1986, 25, 3321.

(18) Johnston, R. L.; Mingos, D. M. P.; Sherwood, P. New J. Chem.
1991, 15, 831.

(19) Lipscomb, W. N. Science 1966, 153, 373.

(20) King, R. B.; Duijvestijn, A. J. W. Inorg. Chim. Acta 1990, 178, 55.

(21) King, R. B. Inorg. Chem. 1999, 38, S151.

(22) Bould, J.; Crook, J. E.;; Greenwood, N. N.; Kennedy, J. D.;
McDonald, W. S. Chem. Commun. 1982, 346.

(23) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200.

(24) Becke, A. D. J. Chem. Phys. 1993, 98, S648.

(25) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
J. Phys. Chem. 1994, 98, 11623.

(26) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1998, 37, 78S.

(27) King, R. B.; Silaghi-Dumitrescu, 1; Sovago, L Inorg. Chem.
2009, 48, 5088.

(28) King, R. B.; Silaghi-Dumitrescu, 1; Sovago, L Inorg. Chem.
2009, 48, 10117.

(29) Frisch, M.]; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucdi, B.; Petersson,
G. A;; Nakatsuji, H,; Caricato, M; Li, X; Hratchian, H. P.; Izmaylov, A. F.;
Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H; Vreven, T.; Montgomery, J. A, Jr,; Peralta, J. E; Ogliaro, F.;
Bearpark, M.; Heyd, J. J.; Brothers, E,; Kudin, K. N.; Staroverov, V. N,;
Kobayashi, R.; Normand, J.; Raghavachari, K; Rendell, A;; Burant, J. C,;
Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M,; Klene, M,;
Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E; Yazyev, O.; Austin, A. J; Cammi, R; Pomelli C;
Ochterski, J. W.,; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth,
G. A,; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas,
O.; Foresman, J. B; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
revision A.02; Gaussian, Inc.: Wallingford, CT, 2009.

(30) Ghosh, S.; Shang, M.; Li, Y.; Fehlner, T. P. Angew. Chem., Int.
Ed. 2001, 40, 1125.

(31) Wadepohl, H. Angew. Chem., Int. Ed. 2002, 41, 4220.

(32) Le Guennic, B.; Jiao, H.; Kahlal, S.; Saillard, J.-Y.; Halet, J.-F.;
Ghosh, S.; Shang, M.; Beatty, A. M.; Rheingold, A. L.; Fehlner, T. P.
J. Am. Chem. Soc. 2004, 126, 3203.

(33) King, R. B. Inorg. Chem. 2006, 45, 8211.

(34) Dunn, S.; Rosair, G. M.; Thomas, R. L.; Weller, A. S.; Welch,
A.J. Angew. Chem.,, Int. Ed. 1997, 36, 645.

9577 dx.doi.org/10.1021/ic201321f |Inorg. Chem. 2011, 50, 9571-9577



