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ABSTRACT. The experimentally synthesized and structurally characterized
metallaborane clusters containing highly electronegative heteroatoms namely
(S, P, and Se) were studies by density functional theory in order to provide an
insight into the influence of these heteroatoms on the polyhedral framework of
metallaboranes.
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INTRODUCTION

The most stable boranes are the deltahedral borane dianions B,H,?-
which adopt the geometries of the most spherical deltahedra having in
general vertices of degrees 4 and 5. Such boranes have 2n + 2 skeletal
electrons, as required by the Wade-Mingos rules [1,2,3,4]. BH vertices can
be replaced by isoelectronic CH vertices leading to stable neutral C2Bn-2H-.
In 1960s Hawthorne successfully substituted BH vertices in dicarbaboranes
with transition metal units such as CpCo (Cp = n®>-CsHs) leading to neutral
cobaltadicarbaboranes [5].

Phosphorous and carbon have similar electronegativities owing to
their diagonal relationship in the periodic table. However, replacement of a
CH vertex by a phosphorus atom in carborane cages leads to the possibility
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of new chemistry arising from the basic properties of the phosphorus
external lone pair. The first icosahedral diphosphaborane P:BisH1io was
initially synthesized in low yield in 1989 [6]. Subsequent improvements in
the synthesis of P2B1oH10 made it more readily available to synthesize the
cobaltadiphosphaborane CpCoP2BgHg [7]. Other work led to the synthesis
of various ferradiphosphacarboranes such as CpFeCP2BsHy [8].

One important aspect in the chemistry of the metalladiphosphaboranes
is the basicity of the phosphorus lone pairs. A phosphorus vertex is a four
skeletal electron donor so that a CpFeCPB,.3Hq— structure has 2n+2 skeletal
electrons and thus exhibits most spherical closo deltahedral geometries. The
11-vertex iron complex CpFeCHP(CH3)BsHs has been synthesized [9] in which
the iron atom is located in the unique degree 6 vertex while the carbon and
phosphorus atoms are located in the only two available degree 4 vertices.
Interestingly one of the Fe-B bonds is abnormally long suggesting that a
degree 6 vertex is not favored. Related to the ferracarbaphosphaboranes
are the isoelectronic ferrathiacarboranes CpFeCHSB,3H,-3 Two examples
of such species have been synthesized by Kudinov and coworkers [10],
namely the icosahedral 12-vertex CpFeC(NHCMe3)SBgHy and the 11-
vertex CpFeC[B(OH);]SBsHs.

The 10- and 12-vertex cobaltathiaboranes were first synthesized by
by Sneddon and co-workers in low yield [11]. A more efficient synthesis of
CpCoSB1oH10 was recently carried out by Welch and co-workers [12]. X-ray
crystallography showed an icosahedral structure with adjacent cobalt and
sulfur atoms. [12]. The synthesis of BgHoE2 (E = S or Se) species having
two sulfur or selenium vertex atoms has been reported [13]. Such species
appear to have nido structures derived by removal of a vertex from a regular
icosahedron to leave a pentagonal face. A similar introduction of a CpCo
unit into the diselenaborane BgHgsSe, gives a low yield of a novel 12-vertex
nido species CpCoSe2BgsHy having a bent pentagonal face.[13]

This study aimed at investigating the effect of the electron-rich
heteroatoms, namely S, P and Se, on the polyhedral framework of metallaborane
clusters by using density functional theory. We review our results in this
area.

RESULTS AND DISCUSSION
A. Phosphorus as a "carbon copy" and its heavier congeners
The low energy 8-vertex CpCoP2BsHs structures are based on the

most spherical deltahedron namely the D2y bisdisphenoid. The lowest such
structure has the cobalt atom located in a degree 5 vertex and the phosphorus

92



THE EFFECT OF ELECTRON-RICH HETEROATOMS IN METALLABORANE CLUSTERS

atoms located in non-adjacent degree 4 vertices (figure 1). All of the 9-vertex
CpCoP2BsHs structures have central CoP2Be tricapped trigonal prisms. The
lowest energy CpCoP2BsHs structure has the phosphorus atoms located in
non-adjacent positions with one at a degree 4 vertex and the other located
at a degree 5 vertex. The latter is adjacent to the cobalt atom located in the
only adjacent degree 5 vertex that is not adjacent to the degree 4
phosphorus atom. [14]

[+

CpCOPzBsH5 CpCOPzBsHe

o @
CpCOPZBSHS CpCoP2BgHg

Figure 1. The lowest energy CpCoP2Bn—2Hn-2 structures.

The geometries of the 10-vertex cobaltadiphosphaboranes
CpCoP2B7H7 are based on the D.4 bicapped square antiprism. The lowest
energy such structure is the unique structure having both phosphorus
atoms located at degree 4 vertices. The 11-vertex CpCoP2BsgHs system is
based on the 11-vertex most spherical deltahedron. This C,, deltahedron
has a single degree 6 vertex, and consequently two degree 4 vertices. The
lower symmetry leads inherently to a more complicated potential energy
surface. The lowest energy such structure has a PP edge that is too long
for a direct bond thereby leading to a polyhedron with a quadrilateral face
including a PP diagonal. The lowest energy 12-vertex CpCoP2BgHq
structures are all regular icosahedra. The most stable such structure has
two Co-P edges and non-adjacent P atoms. [14]

The lowest energy 8-vertex CpFeCHP(CH3)BsHs structures are all
bisdisphenoids having the iron atoms located mainly in degree 5 vertices
with phosphorus and carbon atoms in non-adjacent positions (Figure 2).
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The 9-vertex systems are based on the most spherical closo tricapped
trigonal prism having the iron atom located at a degree 5 vertex. In all such
structures the phosphorus atom is adjacent to the iron atom while the
carbon atom prefers a degree 4 vertex. The situation is similar for the 10-
vertex CpFeCHP(CH3)B7H7; system exhibiting also the geometry of the
corresponding most spherical deltahedron, namely the bicapped tetragonal
antiprism. Such structures have the carbon and phosphorus atoms located
in the only two degree 4 vertices. [15]

L= o L~
CpFeCHP(CH3)BsHs  CpFeCHP(CH3)BsHs CPFECHP(CH3)BoHo
global minimum ( +3.1 kcal/mol)

Figure 2. The lowest energy CpFeCHP(CH3)Bn-3Hn-3 structures.

The experimental CpFeCHP(CH3)BsHs structure is not the global
minimum but a slightly higher energy structure (+3.1 kcal/mol) having the
phosphorus atom located in a degree 4 vertex. Lengthening one of the Fe-B
bonds converts the two adjacent deltahedral faces into a single quadrilateral
face thus reducing the degree of the iron vertex from 6 to 5. [15]

The 12-vertex structures based on the FeCPBy framework clearly
favor the regular icosahedron over any other arrangement of the 12 vertex
atoms. The most stable such structure has an Fe-P edge with the carbon
vertex placed antipodally to the phosphorus vertex. [15]
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B. The electron rich sulfur and selenium vertices: a route to
more open structures

A sulfur vertex contributes four skeletal electrons so that a
CpCoSB,2H-2 system has 2n + 2 skeletal electrons and thus prefers a closo
deltahedral bisdisphenoid geometry according to the Wade-Mingos rules.
The lowest energy CpCoSBeHs structure is a bisdisphenoid having the
cobalt atom at a degree 5 vertex and the sulfur atom at a non-adjacent degree
4 vertex (Figure 3). The lowest energy 9-vertex cobaltathiaborane structures
are tricapped trigonal prisms having the cobalt atom located in a degree 5
vertex and the sulfur atom in the non-adjacent degree 4 vertex. The same
location pattern was found for the lowest energy CpCoSBsHs structure based
on the most spherical 10-vertex deltahedron, namely the bicapped tetragonal
antiprism. This trend continues for the 11-vertex CpCoSBgHg family in
which the low-energy structures are all isomers of the corresponding closo
deltahedron, The most stable such structure is the unique isomer having
the cobalt atom located in the unique degree 6 vertex and the sulfur atom
located in an adjacent degree 4 vertex. [16]

CpCoSBgHg CpCoSBioH1o

Figure 3. The lowest-energy CpCoSBn-2Hn-2 structures.
For the 12-vertex CpCoSB1oH10 structures, isomers based on the
icosahedron have much lower energies than those based on any other

possible 12-vertex polyhedra such as the cuboctahedron or anticuboctahedron.
The lowest-energy cobaltathiaborane icosahedron has a direct Co-S edge.
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The highest energy such structure has the cobalt and sulfur atoms located
on at antipodal vertices. [16]

Various ferrathiacarboranes such as CpFeC(NHCMe3)SBgHy and
CpFeC[B(OH),]SBsHs, have been synthesized and structurally characterized
by X-ray crystallography [17]. The ferrathiacarboranes are isoelectronic with
the dicobaltadicarbaboranes and the cobaltathiaboranes. The question arises
regarding the geometrical preferences of the ferrathiacarboranes CpFeCHSB,H,
as compared with the previously discussed iron phosphacarboranes
CpFeCHP(CH3)B-3sHn-3 and whether two heteroatoms known to exhibit a
preference for a lower vertex degree, namely sulfur and carbon in this case,
would induce deviations from the deltahedral sphericity.

-
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CpFeCHSBsH5 CpFeCHSBaHe CpFeCHSBaHe
closo isocloso
e ~eo

CpFeCHSB;H; CpFeCHSBsHs CpFeCHSBoHo
Figure 4. The lowest-lying CoFeCHSB:-3H:-3 structures.

The lowest energy 8-vertex CpFeCHSBsHs structures are based on
the most spherical deltahedron, namely the bisdisphenoid with the iron
atom in a degree 5 vertex directly connected to a degree 4 vertex sulfur
atom. The carbon atom is located in the only other degree 4 vertex which is
non-adjacent to either iron or sulfur atoms (figure 4). [18] The lowest energy
9-vertex iron thiacarbaborane CpFeCHSBsHs structure is a closo tricapped
trigonal prismatic which is very close in energy to an isocloso isomer. The
low-energy closo structure is the unique structure having the iron atom
located in a degree 5 vertex and sulfur and carbon atoms located in degree
4 vertices but not with adjacent iron and carbon atoms and with a direct Fe-
S bond. The 10-vertex CpFeCHSB7H7 global minimum structure is the most
spherical deltahedron having the heteroatoms at degree 4 vertices with the

96



THE EFFECT OF ELECTRON-RICH HETEROATOMS IN METALLABORANE CLUSTERS

added preference for iron-sulfur adjacency. The most stable CopFeCHSBsHs
structure is the unique closolisocloso isomer with both heteroatoms located
at degree 4 vertices and the iron atom located in the unique degree 6
vertex. [18] This is the experimentaly reported polyhedral arrangement for
the boronic acid CpFeC[B(OH).]SBsHsg [17]. The lowest energy 12-vertex
structure CpFeCHSBgHjy is reported to be the only isomer having adjacent
iron and sulfur atoms as well as non-adjacent and non-antipodal iron and
carbon atoms. [18]

While a CH vertex is a donor of 3 skeletal electrons, a group 16
element vertex (S or Se) has an external lone pair thus leaving 4 skeletal
electrons for skeletal bonding. Thus a thia- or selenaborane has the 2n + 2
skeletal electrons necessary for a spherical cage. This can also be predicted
for neutral boranes having extra hydrogen atoms. In practice such “extra”
hydrogen atoms cannot remain on a closed polyhedron. However removal of a
vertex leaves an open face which is suitable for edge-capping extra hydrogens.
Such species are called nido-boranes. The ability of each sulfur and
selenium atom to provide four skeletal electrons provides the possibility of
nido metallaborane structures without bridging hydrogen atoms. Such species
having 11 vertices obtained by removal of a vertex from an icosahedron (and
consequently having a pentagonal opened face) have been reported [19].

: ~ ~ -
CpCoSe:BsHs CpCoSezBsHs  CpCoSe2B7H7

CpCOSGzBng CpCOSGngHg
Figure 5. The lowest-lying CpCoSe2Bn-3Hn-3 structures.
The most stable 8-vertex cobaltaselenaborane CpCoSe2BsHs structure
originates from the 9-vertex most spherical deltahedron by the removal of a

degree 5 vertex leading to a pentagonal open face providing two degree 3
vertices for the selenium atoms (Figure 5). [20]
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The lowest energy 9-vertex CpCoSe2BsHe structures are generated
by the removal of a degree 4 vertex from the closo 10-vertex most spherical
deltahedron, namely the bicapped tetragonal antiprism. This leaves a large
tetragonal open face. The 10-vertex CpCoSe2B7H; system is a simple one,
derived from the 11-vertex most spherical closo deltahedron by removal of
the single degree 6 vertex. This decreases the degrees of the two former two
degree 4 vertices to just 3 where the two selenium atoms are located. This
structure resembles the well-known structure of nido decarborane, BioH1a4.
The lowest energy CpCoSe2BgHy structure originates from a regular icosahedron
by distorting a vertex so that two edges are broken leaving a degree 4 vertex
as well as two degree 3 vertices for the selenium atoms. [20]

CONCLUSIONS

Density functional theory results show that the lowest energy
CpCoP2B,-3H-3 (n = 8 to 12) structures have the cobalt atom at a degree 5
or 6 vertex and the phosphorus atoms at degree 4 vertices with strong
preference of the phosphorus atoms to occupy non-adjacent vertices. The
lowest energy structures of the isoelectronic CopFeCHP(CHz3)B-3sHq-3 (n = 8
to 12) have adjacent iron and phosphorus atoms and non-adjacent
phosphorus and carbon atoms. One of the Fe—B bonds from the degree 6
iron vertex in the 11-vertex CpFeCHP(CH3)BsHs structure appears to be
fragile, readily elongating to ~3.1 A in one of the low-energy structures,
consistent with experimental observation on this system. The lowest energy
structures for the CpCoSByH, (n = 6—10) systems were found to be the closo
deltahedra in accord with expectations for these 2n + 2 Wadean skeletal
electron systems. The sulfur atoms in these structures were shown to prefer
locations at the lowest degree vertices. Results on the ferrathiacarboranes
CpFeCHSB,-3Hn3 (n = 8-12) indicate energetic preferences for deltahedral
structures having the iron atoms located at degree 5 or 6 vertices, the carbon
and sulfur atoms located at degree 4 vertices, and Fe—S edges. The lowest
energy CpCoSezBn3Hn-3 (n = 8-12) structures have central CoSe2B,.3 nido
polyhedra derived from closo or isocloso deltahedron by removal of a vertex.
This leads to an “open” non-triangular face having four to six edges. The two
selenium vertices in such structures are located on this open face reflecting
the general preference of selenium for low-degree vertices.
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THEORETICAL METHODS

Full geometry optimizations have been carried out at the MO6L/6-
311G(d,p) level of theory. 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 imaginary
frequencies to insure that genuine minima were obtained.

All calculations were performed using the Gaussian 09 package [21]
with the default settings for the SCF cycles and geometry optimization,
namely the fine grid (75,302) for numerically evaluating the integrals, 108
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.

ACKNOWLEDGMENTS

Funding from the Romanian Ministry of Education and Research,
Grant PN-II-RU-TE-2014-4-1197, is gratefully acknowledged.

REFERENCES

. K. Wade, Chem. Commun., 1971, 792-793.

. K. Wade, Adv. Inorg. Chem. Radiochem., 1976, 18, 1-66.

. D.M.P. Mingos, Nature Phys. Sci., 1972, 236, 99-102.

. D.M.P. Mingos, Acc. Chem. Res., 1984, 17, 311-319.

. M.F. Hawthorne, Acc. Chem. Res., 1968, 1, 281-288.

. J.L. Little, J.G. Kester, J.C. Huffman, L.J. Todd, /norg. Chem., 1989, 28, 1087-
1091.

. R. McLellan, N.M. Boag, K. Dodds, D. Ellis, S.A. Macgregor, D. McKay, S.L.
Masters, R. Noble-Eddy, N.P. Platt, D.W.H. Rankini, H.E. Robertson, G.M.
Rosair, A.J. Welch, Dalton Trans., 2011, 40, 7181.

8. M. Bakardjiev, J. Holub, M. J. Carr, J. D. Kennedy, B. Stibr, Dalton Trans., 2005,
909.
9. D. Kadlecek, A.M. Shedlow, S.O. Kang, P. J. Carroll, L.G. Sneddon, J. Am.
Chem. Soc., 2003, 125, 212.
10 D.S. Perekalin, 1.V. Glukhov, J. Holub, |. Cisafova, B. Stibr, A.R. Kudinov,
Organometallics, 2008, 27, 5273-5278.

OO WN -

~

99



ALEXANDRU LUPAN, AMR A. A. ATTIA, R. BRUCE KING

11 S.0. Kang, P.J. Carroll, L.G. Sneddon, Inorg. Chem. 1989, 28, 961.

12 M.T. Serrate, D. Ellis, G.M. Rosair, A.J. Welch, J. Organomet. Chem. 2013,
747, 211.

13 G.D. Friesen, A. Barriola, P. Daluga, P. Ragatz, J. C. Huffman, L.J. Todd, /norg.
Chem. 1980, 19, 458-466.

14 A.AA. Attia, A. Lupan, R.B. King, Polyhedron, 2015, 85, 933-940

15 A. A. A. Attia, A. Lupan, R. B. King RSC Adv., 2016, 6, 1122-1128

16 A. Lupan, R.B. King, Polyhedron, 2014, 78, 130-134

17. D.S. Perekalin, 1.V. Glukhov, J. Holub, |. Cisafova, B. Stibr, A.R. Kudinov,
Organometallics, 2008, 27, 5273-5278.

18 A.A.A. Attia, A. Lupan, R.B. King, Polyhedron, 2016, in press

19. G.D. Friesen, A. Barriola, P. Daluga, P. Ragatz, J.C. Huffman,; L.J. Todd, Inorg.
Chem., 1980, 19, 458-466.

20 A.A.A. Attia, A. Lupan, R.B. King, submitted.

21. Gaussian 09 (Revision A.02), Gaussian, Inc., Wallingford, CT, 2009.

100



