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Chemical bonding models are developed for the titanocarbohedren€ss®nd TgCi, by assuming that the Ti
atoms use a six-orbital 3ananifold and there is no direct TTi bonding. In the 3x 3 x 3 cubic structure of
Ti14Ca3, the 8 Ti atoms at the vertices of the cube are divided into two tetrahedral sets, one Ti(lll) set and one
Ti(IV) set, and the 6 Ti atoms at the midpoints of the cube faces exhibit square planarobi@ination with two
perpendicular three-center four-electron bonds. The energetically unfavératddecahedral structure forgli

has 8 equivalent Ti(lll) atoms and;€ units derived from the complete deprotonation of ethylene. In the more
energetically favorabl@y tetracapped tetrahedral structure fog(ib, the G units are formally dianions and the

8 Ti atoms are partitioned into inner tetrahedrd)(Bonded to the gunits through three-center FC, bonds and
outer tetrahedra (¥)j bonded to the €units through two-center FHC bonds. The Ti atoms in one of the,Ti
tetrahedra are Ti(0) and those in the othert&trahedron are Ti(lll). Among the two such possibilities, the lower
energy form has the (TjP4(Ti")i, configuration, corresponding to dicarbengligands with two unpaired electrons

in the carbor-carbonz-bonding similar to the multiple bond in tripletOThis contrasts with the opposite
(Ti'"Mo4(Ti%i4 configuration in the higher energy form ®f-TigC12, corresponding to ethynediyl ligands with full
C=C triple bonds and unpaired electrons in the C sp hybrid orbitalg-{ioonding to Ti.

Introduction T o T

An important development in metal cluster chemistry during Ti‘«’f_}f

el \
the past decade was the discovery by Castleman and co- leT_I#gﬂgﬁT — C?,“‘/__Tf;s\\\yc
workerg—4 of binary metat-carbon clusters of the stoichiom- Clée’_‘:}-ﬁll:?-l L i é’\* e
etries MsCi2 (M = Ti, Zr, Hf, V, etc.), now known as TiY—Ce=—TV ¢ ~N 0
metallocarbohedrenes or “metcars”. Shortly after the original Ti;sCys Th-TigCy2 TarTigCyo
report of TgCiz, Pilgrim and Duncahdiscovered the larger ~ 3x3x3cube Dodecahedron Jetracapped

cI.uster Ti4Cis .and showed t'hat the photofragmentation .of Figure 1. Conversion of the 3 3 x 3 cubic ThCis to Ty-TisCi> and
Ti1aCyz results in the successive extrusion of Ti atoms to give subsequently td:TisCi». Representative Ti atoms of the different types
TigC13, presumably a carbon-centereddi, cage. Subsequent  are labeled on the TiCis and T¢-TigCyo Structures.

work87 suggests that FCi2 can be isolated in the solid state
although it appears to be highly air-sensitive and has been . .
obtained only in a mixture with other Ti-containing materials. the S-fold symmetry. This structure forstli, can be derived

The metallocarbohedrenes have been characterized mainly®™ the structure for iCys by the reductive gliminatiop of
by their mass spectra, so that there is very limited direct the 6 T atoms. However, numerous computational stufiés,

experimental evidence for their structures. A natural structure indicate that dgstructure for Téc?z based on a Fitetracapped

for Ti1sCis (Figure 1) is a 3x 3 x 3 cube with C atoms in the tetrahedron (Figure 1) is energetically m_uch more fa\_/orable than
center (C) and at the midpoints of each of the 12 edgeg (C  the Tn structure. In thefy structure of TiCyo, the 8 Ti atoms
and Ti atoms at the 8 vertices {Tiand the 6 face midpoints &€ partitioned into 4 inner (7iand 4 outer (T) atoms
(Tif). The originally proposéd structure for TiCy, consists of correspond_lng to vertices of degrees 6 anq 3, respectlvely, in
a regular dodecahedron with 8 Ti and 12 C vertices in adjacent the underlying tetracapped tetrahedron, which can be obtained
pairs (Figure 1), so that the ide&| symmetry of a regular by a sextuple squarediamond proceds from the original T

dodecahedron is reduced to its subgrdyfy elimination of cube. In both the originally proposeid and the energetically
more favorablely structures for T4C,o, the 12 C atoms appear
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These structure proposals for; 413 and TgCy2 (Figure 1) TV_ce_Tiv Tie=Coi
are consistent with recent gas-phase vibrational spectroscopy | [, |, i ; : T'°/C—C\T‘°
data obtained from infrared resonance-enhanced multiphoton § —T"-¢° ——— : ¢=C{ ——> "“it&Tlf:ff" :
ionization spectrd® The vibrational spectrum of C;, exhibits Ti'—Ce—TiV Ti-q'é?'i'i Ti
a band at 1395 cri which is shifted to 1345 cri in Tigl3Cyp, ;nl'im?uz TigsCa TTi4,3T(_:2 cunit of
suggesting assignment asvéC—C) frequency indicative of  F°c”, cube pentaiene unit teiracapped
direct carbor-carbon bonding such as found in the @its of of Ty, TigCs, tetrahedron
the proposed structure. No comparable band is found in the ?,‘;f;‘;?hgz"m" f:‘;’:gi‘:";a")&z
vibrational spectrum of 1iCy3, in accord with the absence of capping of a Tig unit)
direct C-C bonding in the 3x 3 x 3 cubic structure (Figure Tig unit)
1). Figure 2. Effect of Ti atom elimination on the atoms in the face of

This paper relates the structure and bonding in these titano-the TiisCis cube to giveTy-TisCi2 and subsequent¥sTisCio.
carbohedrenes to those in other organometallic and coordination
compounds using the following assumptions: (1) Only s and d t5ceg of the 3¢ 3 x 3 TiyCis cube with concurrent formation
orbitals are used for chemical bonding, consistent with the 5f one new &C bond during each reductive elimination
models proposed by Landis and co-workér¥ for early process. Such processes are at least formally similar to reductive
transition metal hydrides and alkyls. (2) The Ti atoms are gjimination processes in transition metal chemistry such as those
bonded only to C atoms, not to other Ti atoms, and the relatively jnyolved as the key steps of a number of homogeneous catalysis
long Ti-Ti distances prevent interaction between the unpaired yechanismal However, eliminating the C “ligands” from the
electrons on different Ti(lll) atoms. Tif atoms on the faces ultimately leaves nothing bondedfto Ti
The 3 x 3 x 3 Cube in TizCis so that the Tiatoms, rather than the C “ligands” attached to
them, are what is eliminated from the cluster structure. The
effect of this Ti atom elimination on the structure around the
face of a TisCi3 cube is depicted in Figure 2.

In the Ty-TigCy2 structure initially produced by this sextuple
Ti reductive elimination from TiCy3 (Figure 1), each C atom
is bonded to 2 Ti atoms, leading to a total of 24-T ¢ bonds
in Ty-TigCy2. From the tetravalency of C, the=€C bonds in
the G units of T,-TigC12 can be inferred to be double bonds so
that these gunits are formally G*~ derived from the complete
deprotonation of ethylene. The formal Ti oxidation stat&jin
TigCy2 is thus+3, and all of the Ti atoms are equivalent with
one unpaired electron, each leading to the anticipated 8 unpaired
electron&?2?for Tp-TigCi2.

A major drawback to thisT-TigCy2 structure is the poor
location of the G=C bonds in the € units forz-bonding to
the Ti atoms to supplement the 24-C ¢ bonds. In the
energetically more favorable tetracapped tetrahebydlisCi 2
structure, each C atom is bonded to 3 rather than only 2 Ti
atoms, so that the total structure has 36 rather than only 24
Ti—C bonding interaction$1%13.14These Ti-C bonding interac-
tions can be partitioned into 12 2c-2e-IC bonds similar to
the o bonds found in metal alkyls and 12 3c-2e-T3, bonds
similar to thewr bonds in metatolefin complexes. IMy-TigCio,
the 4 Ti atoms of the inner tetrahedron ijTéach form three

If the 13 C atoms in TjyCy3 are considered formally as*G
then 10 of the Ti atoms must b& @i** and the remaining 4 Ti
atoms must be!dTi®" in order for Ti4Ci3 to be neutral. This
cannot be achieved with the full, symmetry of the 3x 3 x
3 cubic Ti4Ciz structure, where there is no symmetry-equivalent
set of only 4 Ti atoms. Symmetry reduction frody to Ty is
necessary to separate the 8 aioms of the Ti,Ci3 cube into
two Tiv4 countertetrahedra, one of which consists of only Ti-
(1) and the other of only Ti(IV). This symmetry reduction is
supported by the ab initio Hartre€-ock self-consistent field
calculations of Rohmer, Berd, Bo, and Pobl&t but not by
the gradient-corrected density functional calculations of Dafce.
The separation of the four Ti(lll) atoms in this;JC;3 structure
from each other prevents coupling of the unpaired electrons,
leading to 4 unpaired electrons for & 4013 unit.

The 3 x 3 x 3 cubic Ti4Cy3 structure can be constructed
with 52 Ti—C bonds as follows: (1) The 4 Ti(IN)atoms are
each bonded to 3 C atoms (alf)Cleading to 12 T+C bonds
using trigonal pyramidal coordination. (2) The 4 Ti(Agtoms
are each bonde@t C atoms (€+ 3C9), leading to 16 T+C
bonds using “inverted” tetrahedral coordinafi®similar to the
bridgehead C atoms in the stable tricyclo[2.126]fentane. (3)
The 6 Ti atoms are each bonded to 4 carbon atoms (8l C
four-clactron (30-48) bonds rather than four tio-conter . 328 T-Ca bonds whereas the 4 Ti atoms of the outer

. . . tetrahedron (™) each form three 2c-2e FC bonds. The total
electron (2c-2e) bonds is necessary, since a planar square, havmgf 24 titanium-carbon bonds (12 2c-2e FC bonds and 12
an inversion center, cannot be formed by &gbrids, which 3c-2e Ti-C, bonds) and the 6 €C bonds in the 6 €units
use only gerao!e atomic orbltaﬂ_s. require a total of 60 electrons. This leaves 20 electrons of the

These 52 T+C bonds require 104:(52. x_2) electrons, original 80 valence electrons of tig-TigCi» unit to partition
leaving 4 of the 108 vglence electrons im4lh for the 4 between the 8 Ti atoms, for an averag®® aonfiguration
tetrahedrally disposed Ti(IN)atoms. corresponding to an average formal Ti oxidation state-df5.
Dodecahedral {Ty) versus Tetracapped Tetrahedral Tg) This electron-counting scheme also corresponds;to for the
Structures for TigCio C, ligands inTg-TigCio.

The conversion of TiCisto TigCy2 can occur through a series The symmetry of thdlq-TisCi. Structure suggests a formal
of six reductive elimination processes involving in turn the six oxidation state assignment .W'th the Ti atoms In-one of F“*e i

tetrahedra havip a 0 oxidation state and the Ti atoms in the
(16) van Heijnsbergen, D.; von Helden, G.; van Roij, A. J. A.; Duncan, other Ti, tetrahedron having &3 oxidation state, leading to

7 '&Jn'(\jf:gijfgy g’-. F():Tg\iéllzﬁdl_'?'tt" éﬁ’g}%ﬁ%“?i}n Chem. Sod995 the observed average Ti oxidation state+ef.5. Within this
@n 117 1859, T T ' general scheme, there are two possible formal oxidation state
(18) Landis, C. R.; Firman, T. K.; Root, D. M.; Cleveland,JT Am. Chem.

Soc.1998 120, 1842. (21) Crabtree, R. HThe Organometallic Chemistry of the Transition Metals
(19) Firman, T. K.; Landis, C. RJ. Am. Chem. S0d.998 120, 12650. 2nd ed.; Wiley-Interscience: New York, 1994.

(20) Wiberg, K. B.Acc. Chem. Red.994 17, 379. (22) Hay, P. JJ. Phys. Chem1993 97, 3081.
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“ethynediyl” diradical with the two unpaired electrons in the
two sp hybrido-orbitals used for the 7+ C 2c-2e bonding.
Reduction of the neutral Cligand to the acetylide £~
eliminates this dicarberesthynediyl distinction (Figure 3) since,

A°Z“Qde in the two-electron reduction of the dicarbeng te two new
126" 2 +26- electrons fill the two holes in the-bonding orbitals whereas,
Z2re” -208 in the two-electron reduction of the ethynediyd, @e two new

electrons pair with the electrons in thebonding orbitals,
leading to the same £ “acetylide” species.

Any of the TigCj, structures is obviously coordinately
unsaturated, even relative to the 12-electron configuration of a
filled scP shell. In this connection, experimental work has found
TigCy2 and related species to be reactive toward various small
molecules (acetone, oxygen, water, halogens, ethylene, benzene,

C=p=t pyridine, alcohols, etc}25-30 leading to the following observa-
Ti(O{ __Ti) \Ti“")o tions: (1) Reactions withr-bonding molecules such as ethylene
T TR T :," and benzene stop at the adductsCliL,4. (2) Reactions with
Ty polar Lewis bases such as,® and alcohols go as far as
TigCyi2Ls. (3) Chlorinating agents such as gH convert T;Ci»
Triplet Dicarbene C, Ligand Triplet Ethynediyl C, Ligand to TigC1Cla.
Ti(0)°4Ti(l1)', configuration Ti(Il1)°4Ti(0)'4 configuration These observations are consistent with reported ab initio

Figure 3. Relationship between the dicarbene and ethynedijig@nds computational studiés as well as the structural models
postulated for the (P)°(Ti"")i; and (TI")°4(Ti%', forms, respectively, discussed above in the following ways: (1) Thebonding

of Ty TigCra. molecules only bind to the 4 Ti(0) sites where back-bonding
involving the 4 d electrons and the Ti atom is feasible. The
Ti(0) sites in an adduct such asgCTixC,H4)4 have the 12-
electron configuration of a filled six-orbital $ananifold. (2)
Lewis bases not heavily involved in back-bonding can bind both
to the 4 Ti(0) sites and to the 4 Ti(lll), sites leading to the
observed T4C;2L g adducts. (3) A halogen adduct such agCTi-

Cl4 can be formulated as [§C12]*T[Cl~]4 in which all 4 of the
Ti(lll) atoms, namely, 4 of the Tiatoms inTy-TigCi2, have
been oxidized to Ti(IV), leading to a species expected to be
diamagnetic.

assignments, namely, OR4(Ti"); and (T1")%(Ti%i4, corre-
sponding to different partitions of the electrons in thdiGand
(Figure 3) between the inner'Tand outer Ti, tetrahedra. For
both of these formal oxidation state assignments, the 20
nonbonding electrons available for the 8 Ti atoms are allocated
so that each of the 4 Ti(0) atoms has two nonbonding electron
pairs and each of the 4 Ti(lll) atoms has a single electron, in
accord with the fland d electronic configurations of Ti(0) and
Ti(Il1), respectively. In the more energetically favoral§I€Ti%)o,-
(Ti'")i, oxidation state assignment, thebonding of TP to the

C, ligand, now considered as a neutral species for electron-
counting purposes, corresponds to a dative bond with the a C fo
ligand furnishing both electrons of the 2c-2e-Ci° dative bond
and thez-bonding of Ti to the G ligand corresponds to 3c-2e
covalent bonds with one electron for each bond coming from 1C991151+

the G ligand and the other electron coming from. Tihe neutral

C; ligand can thus be considered to be a triplet “dicarbene” (23) pewar, M. J. SBull. Chem. Soc. Fr1951, 18, C79.

with a carbon-carbon bond order of “L", similar to the (24) Chatt, J.; Duncanson, L. A. Chem. Soc1953 2939.
oxygen-oxygen bond in normal triplet £ so that the two  (25) DﬁngilH-T-? GU‘;’ B%C-i Kerns, K. P.; Castleman, A. W.JJRhys.
unpaired electrons reside in thebonding orbitals. However, (26) %u%r’nélggﬁ gK%rn“;’?KS"P.; Castleman, A. W., IrAm. Chem. Soc.
in the less energetically favorable {fMP4(Ti%!4 oxidation state 1993 115 7415.

assignment, the-bonding of TP to the G ligand corresponds ~ (27) Kems, K. P.; Guo, B. C.; Deng, H. T.; Castleman, A. W..JJiam.

to a covalent 2¢-2e bond, with a Ti and C atom each furnishing g CDZfE' Sogl,gggrﬁsﬂfcg%asﬂeman A W.. JrAm. Chem. Soc
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