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Cluster Compounds

cyclo-Ti;[n*(u,-C,0)]5: A Side-on-Bonded
Polycarbonyl Titanium Cluster with Potentially
Antiaromatic Character**

Qiang Xu,* Ling Jiang, and Nobuko Tsumori

Carbon monoxide, one of the most important ligands in
transition-metal chemistry from an academic and industrial
viewpoint, is well known to coordinate only in the direction
from the C atom to metal(s), forming terminal or bridging
metal-CO bonds, in the known metal carbonyls,["! with very
few exceptions for chemisorbed CO on some transition metal
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surfaces™ and so-called four-electron-donor CO in a limited
number of organometallic complexes.” The recently reported
Sc,[M*(1-C,0)] is a simple homoleptic metal carbonyl with
only a single side-on-bonded CO ligand,! whereas there has
been no report thus far of a side-on-bonded polycarbonyl
metal cluster. Here we report the generation, IR spectro-
scopic characterization, and theoretical investigation of side-
on-bonded mono- and polycarbonyl titanium clusters
Ti,(CO), (n=1, 2) and Ti;(CO), (n=1-3). In particular,
calculations revealed the novel planar, CO side-on-bonded
windmill-like cyclo-Tis[n*(u,-C,0)]; molecule, which may
have antiaromatic character.

Matrix-isolated Ti,(CO), (n =1, 2) and Ti;(CO), (n =1-3)
molecules were produced by codeposition of laser-ablated Ti
atoms with CO in excess argon at 7 K and were investigated
by FTIR spectroscopy.’! Recent studies, with the aid of an
isotopic substitution technique, have shown that a combina-
tion of matrix-isolation IR spectroscopy and quantum chem-
ical calculations is a powerful tool for investigating the
spectrum, structure, and bonding of novel species.[*”! The IR
spectra as a function of changes in CO concentrations and
laser energy are of particular interest here. At high CO
concentration (0.20%) and low laser energy (4 mJ/pulse),
only mononuclear species Ti(CO), (n=1-
6) with IR absorptions in the 1740-
2040 cm™' region were observed as the
reaction products on sample annealing,®
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Figure 1. IR spectra in the 1420-1160 cm ™" region for laser-ablated Ti
atoms codeposited with 0.05% CO in argon at 7 K: a) after 60 min of
sample deposition, b) after annealing to 30 K, c) after annealing to

34 K, d) after 20 min of broadband irradiation, e) after annealing to
36 K, f) after doping with 0.01% CCl, and annealing to 34 K.
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Table 1: IR absorptions [cm™'] observed from codeposition of laser-ablated Ti atoms with CO in an
excess of argon at 7 K.

which have been previously identified.”] ™C'°0 3C0 E'elle) 2c'*0 +C'*0 12¢C1%0 +12C*0 Assignment

At lower CO concentration (0.05%) and 13976 1365.1 1368.7 1397.6, 1388.7, 1397.6, 1388.4, Tiy (CO);

higher laser power (12ml/pulse), these 1380.6, 1365.1 1381.8, 1368.5

mononuclear species almost disappeared, 1334.3 1303.4 1307.4 1334.3,1315.8, 1334.2,1318.5, Ti,(CO),

while new absorptions appeared in the 1303.8 1307.0

1160-1420 cm™! region on sample anneal- 13248 1294.2 1298.8 TEZ(CO)? site

ing, which disappeared after broadband 3042 1274.2 1277.6 1304.2, 1274.4 1304.0, 1277.6 Ti,CO site

T ; 1297.8 1268.2 1271.4 1297.7, 12683 1297.7,1271.4 Ti,CO

irradiation and did not recover upon further 54, ¢ 1264.4 1267.5 1293.3, 1264.2 1293.3, 1267.2 Ti,CO site

annealing (Figure 1 and Table 1).*! Note 15533 1224.8 1228.8 1253.3, 1224.8 1253.4,1228.7 Ti,CO

that these new bands were only observed  1189.9 1162.2 1165.2 1190.0, 1172.8, 1189.9,1173.6, Ti;(CO),

with lower CO concentration and higher 1164.1 (1231.5) 1165.0 (1235.1)

laser energy than those for the mononuclear ~ 1185.0 1157.3 1159.7 Ti3(CO); site
1181.7 1154.2 1157.2 Ti, (CO), site

Ti carbonyls, that is, these new products

involve more than one Ti atom. Since
doping with CCl, as an electron scavenger
had no effect on these bands, the products

Table 2: Comparison of observed and calculated isotopic frequency ratios of the reaction products.

are neutral (Figure 1). Molecule  Mode 12¢160/13C'60 12150 /2C%0

On the basis of the growth/decay char- obsd BP86 B3LYP obsd BP86 B3LYP
acteristics as a function of changes in ;o C-O str. 10233 1.0238  1.0237  1.0208  1.0222  1.0223
experimental conditions (Figure1 and  T1j,co), C-Oasym.str.  1.0237  1.0239  1.0236  1.0206  1.0217  1.0223
ref. [8]), the bands in the 1160-1420cm™  Ti,CO C—O str. 1.0233 1.0241 1.0236 1.0199 1.0217 1.0225
region can be grouped into five species. All  Ti;(CO), C—0O asym. str. 1.0238 1.0240 1.0237 1.0212 1.0219 1.0225
of the absorptions exhibit the isotopic Ti;(CO), C—0 asym. str. 1.0238 1.0261 1.0240 1.0211 1.0238 1.0217
12C1%0/HC0 and 2C'O/*C™®0O frequency
ratios characteristic of C—O stretching
vibrations, but their v¢ o values are anomalously lower than ~ '>C'*O +'*C'®O and "*C'°O + '>C'®O samples (Figure 2), and
for terminal or bridging CO (Table 1 and Table 2). They are  this indicates that only one CO subunit is involved in each
therefore attributed to Ti cluster carbonyls containing only — molecule;['” the former is assigned to Ti,CO and the latter to
side-on-bonded CO ligand(s) with extremely weakened C-O  Ti;CO on the basis of the stepwise annealing behavior
bonding, as observed for Sc,[0*(,-C,0)].[! The absorptionsat ~ (Figure 1). The absorptions at 13343 cm™  (site:
1297.8 cm™* (trapping sites: 1304.2 and 1293.5cm ™) and at  1324.8cm™!) and at 1189.9cm™ (sites: 1185.0 and
1253.3 cm ™' respectively split into doublets for the mixed 1181.7 cm™') respectively split into triplets with approxi-
Angew. Chem. 2005, 117, 4412 4416 www.angewandte.de © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4413
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Figure 2. IR spectra in the 1420-1150 cm™' region for laser-ablated Ti
atoms codeposited with isotopic CO in Ar for 60 min at 7 K, followed
by annealing to 34 K. a) 0.05% '2C'°O, b) 0.025% '*C'*O + 0.025%
B0, ) 0.05% *C'°0, d) 0.025% '>C'°0 + 0.025% '*C'®0, e) 0.05%
12C130'

mately 1:2:1 relative intensities in the
mixed-isotope  experiments  (Figure 2),
that is, each mode involves two equivalent
CO ligands;™ we assign the former to the 4
asymmetric C—O stretching of Ti,(CO),, 5
and the latter to Ti;(CO),. The splitting of i
the highest absorption at 1397.6 cm ' into a
quadruplet in the mixed-isotope experi-
ments suggests the involvement of three
CO subunits.'"”! Quantum chemical calcu-
lations (vide infra) indicate that this species
is preferably assigned to Ti;(CO); rather
than to Ti,(CO);. For species containing
two or three CO ligands, symmetric C-O
stretching modes should be observed due
to the reduced symmetry of the isotopically
mixed species. The symmetric C—O stretch-
ing for each isotopomer of Ti(**C'°O)-
(PC"0) and Ti,("*C'*0)(**C'*0O) overlap-
ped with Ti;(CO); absorptions, and the
symmetric C—O stretching modes in the
mixed-isotope spectra for Ti;(CO); were too weak to be
observed, as predicted by DFT calculations,”®! whereas an
additional blue-shifted absorption was observed for the
symmetric C—O stretching mode for each isotopomer of
Ti;(*C"*0)("*C'*0) and Ti;("*C'*0)("*C'*O) (Table 1). With
0.05% CO all five species were observed, whereas only the
CO-poorer and Ti-richer species, Ti,CO and Ti;CO, survived
on further lowering the CO concentration to 0.02 % .
Density functional calculations, performed at the BP86/6-
3114+ G(d,p) and B3LYP/6-311 ++ G(d,p) levels!"!! for the
possible isomers of Ti,(CO), (n=1, 2) and Tiz(CO), (n=1-
3), provide strong support to the above assignments and
insight into structures and bonding. The trial calculations to
test reliability gave v values for linear quintet TiCO of
1889.0 (BP86) and 1971.2cm™' (B3LYP), close to the
experimental value (1855.2cm™') with scale factors (obsd/

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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caled frequency ratios) of 0.982 and 0.941, respectively, in
good agreement with previous reports (ve o= 1854.4 cm™" in
solid argon, 1920.0 cm™! in solid neon).”! Hereafter, mainly
BP86 results are presented for discussion. The calculations
show that the planar Ti,[n?(u,-C,0)] (1) molecule with a single
side-on-bonded CO ligand, similar to Sc,[n*(1,-C,0)],"” and
the planar Ti,[n*(u,-C,0)], (2) molecule with two side-on-
bonded CO units (Figure 3) nicely match the experimental
vibrational frequencies, relative absorption intensities, and
isotopic shifts for Ti,(CO) and Ti,(CO),, respectively. The
Veo values of 1 and 2 are predicted to be 1330.9 and
1332.6cm™ (B,), respectively, in good agreement with
observations (1297.8 and 1334.3 cm '), whereas the symmet-
ric C—O stretching mode (A;) of 2 exhibits a much lower
intensity than the antisymmetric B, mode (TableS1 in
Supporting Information), consistent with the absence of this
A, absorption in the IR spectra. The calculated '*C'*0/*C'°O
(**C'0/"C"0) frequency ratios of 1 and 2 are 1.0238 (1.0222)
and 1.0239 (1.0217), respectively, in accord with the observed
values of 1.0233 (1.0208) and 1.0237 (1.0206) (Table 2). Our
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Figure 3. Optimized structures (bond lengths in A, bond angles in degrees), electronic
ground states, and point groups of the reaction products calculated at the BP86/6-
311++G(d,p) and B3LYP/6-311++G(d,p) (in parentheses) levels.

BP86 calculations predict that 1 A", C,, Rco=1.289 A,
Ve o = 1330.9 cm ™) has a structure similar to but smaller R
and higher v o than those of the analogous Sc,[1n?(p,-C,0)]
(‘A’, C, 1.320 A, 1237.6 cm™").") The R_,, value of 1 is larger
than that of OTi(1?-CO) (1.246 A).'"” In comparison with 1, 2
[A,, C,, 1288 A, 1332.6cm™" (B,)] is predicted to have
longer Ti—Ti, Ti—C, and Ti—O bonds but almost the same
Re o

For a trititanium cluster, a side-on-bonded CO ligand may
have two possible coordination forms: n*(us-C,p,-O) and
N*(1,-C,0). Our BPS86 calculations show that the cyclo-
Tis[*(us-Cop-0)] CA/, C,, 1.364 A, 1099.5 cm™) and cyclo-
Tis[*(1s-Cop-0)], (A, Gy, 1.371 A, 1064.2 cm™") molecules
do not fit the observations, as their calculated v values are
much lower than the observed frequencies for Ti;(CO)
(12533 cm™!) and Tiy(CO), (1189.9 cm™). Calculations at

Angew. Chem. 2005, 117, 4412 —4416


http://www.angewandte.de

the same level show that the planar cyclo-Ti;[n*(u,-C,0)] (3)
molecule CA”, C,,1.296 A, 1302.7 cm ') and the planar cyclo-
Tis[n2(1,-C,0)], (4) molecule [°B,, C,, 1.291 A, 1316.0 cm ™
(B,)] (Figure 3) fit the experimental results well (Tables 1 and
2).¥ For 4, the calculated symmetric C—O stretching mode
(A, 1359.8cm™!, 45 kmmol ') has an intensity much lower
than the antisymmetric one (B,, 1316.0 cm™, 731 kmmol ')
(Table S1 in Supporting Information), in agreement with the
absence of this A; absorption in the IR spectra. By comparing
1 with 3 and 2 with 4, it is found that addition of the third Ti
atom to Ti, to form a triangular Ti; cluster leads to the
lengthening of C—O bonds, which corresponds to weakening
of the C—O bond and therefore to lower v, in agreement
with the observations.

As a Ti cluster carrying three side-on-bonded CO ligands
should be considered for the 1397.6 cm ™! absorption, we first
performed BP86 calculations on possible isomers of Ti,(CO)s,
which predict that its most stable isomer (*A, C,,) exhibits IR
absorptions at 1432.1 and 1357.7 cm™! with intensities of 152
and 502(x2) kmmol ', respectively. The prediction does not
match the observation of a single IR absorption at
1397.6 cm™, and this leads to the conclusion that Ti,(CO),
should be excluded. Calculations at the same level revealed
that the planar cyclo-Ti;[n*(1,-C,0)]; (5) molecule having a
A, ground state with C;, symmetry (Figure 3) nicely fits the
observations for this tricarbonyl species (scale factor 0.967).
Species 5 ['A,, C,, 1445.9 cm™ (E')] consists of an equilateral
Ti; triangle with Ry =2.732 A, much longer than in the
naked Ti; cluster™ or in 3 or 4, and three equivalent side-on-
bonded CO units with Re_o=1.259 A, the shortest among
Ti;(CO), (n=1-3), forming a planar windmill-like molecule.
It lies 44.55 kcalmol ' lower in energy than the planar CO-
bridged cyclo-Ti;(u-CO); molecule with D5, symmetry, which
has three imaginary vibrational frequencies. In addition, the
cyclic Tiz(CO); isomer with terminally bonded CO ligands
and D;, symmetry exhibits no geometry convergence, and the
removal of symmetry restrictions in the optimization proce-
dure results in a nonplanar structure with C, symmetry
[Veo=1500.5 (734), 14509 (464), and 11082 cm™’
(119 kmmol )], which lies 14.75 kcalmol ™' higher in energy
than 5. We also performed DFT calculations on other
electronic states for the planar Cy, cyclo-Tis[n*(u,-C,0)]s
molecule and found that the triplet state exhibits no geometry
convergence, and the relative triplet energy at the singlet
geometry is predicted to be 9.37 kcalmol ™! higher. Species 5
has an ...(a")*(e')*(e')*(a’)*(a”)*(e")* electronic configuration;
the doubly degenerate HOMO consists of the st orbitals
localized on the Ti-C-Ti subunits, and the HOMO-1 is the
delocalized m orbital mainly involving the Ti;C; unit
(Figure 4). It is noted that the LUMO is quite low in energy
(HOMO-LUMO energy gap: 13.81 kcalmol™).

Interestingly, theoretical examination of 5 reveals that this
molecule may have antiaromatic character. Recently, aroma-
ticity*! has been extended by gas-phase observations to
main-group metal clusters such as Al*", Al,*", Si**, Siy, Si,>,
Sn¢*~, and Hg,*", which have stimulated several theoretical
investigations and heated discussions.'®! One of the useful
approaches to the characterization of aromaticity and anti-
aromaticity is analysis of the nucleus-independent chemical

Angew. Chem. 2005, 117, 4412 4416
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Figure 4. Molecular orbital pictures of singlet cyclo-Tis[n*(1,-C,0)]s
showing the LUMO and the HOMOs down to the fifth valence molecu-
lar orbital from the HOMO. HOMO, HOMO-3, and HOMO—4 each
consist of degenerate pairs, both of which are shown here.

shift (NICS) on the basis of the magnetic criterion, in which a
negative NICS corresponds to aromaticity and a positive
NICS to antiaromaticity."”! Calculations on 5 at the gauge-
including atomic orbital (GIAO) BP86/6-311 + + G(d,p) level
show that the NICSs at the Ti; ring center and 1 A above are
23.4 and 14.8, respectively, and thus indicate significant
antiaromaticity. The corresponding values for benzene calcu-
lated at the same level are —7.7 and —10.1. Further
calculations to clarify the source of the NICS value of 5 by
way of current density plots and dissected NICS data are in
progress and will be reported in a subsequent full paper.

In summary, FTIR spectroscopy and calculations revealed
the novel planar windmill-like cyclo-Tis[n*(u,-C,0)]; mole-
cule exhibiting antiaromatic character as a new example of
transition metal cluster compounds having aromaticity or
antiaromaticity. This molecule is generated, along with other
side-on-bonded mono- and polycarbonyl di- and trititanium
clusters, from the reaction of laser-ablated Ti atoms with CO
in a solid argon matrix. All of these molecules show unusually
low C-O stretching frequencies and thus represent a new
class of metal carbonyls with extremely weakened C-O
bonding. It is possible that further development in the concept
of aromaticity and antiaromaticity in transition-metal sys-
tems, through matrix-isolation and theoretical investigations,
will lead to the discovery of new classes of compounds or new
insights into the electronic structures and chemical bonding of
transition-metal cluster compounds.

Experimental Section

Matrix-isolation IR spectroscopy: The experimental setup for laser
ablation and matrix-isolation IR spectroscopy was similar to those in
previous reports.”! Briefly, Ti atoms ablated with the Nd:YAG laser
fundamental (1064 nm, 10 Hz repetition rate) were codeposited with
CO in excess argon onto a CslI window at 7K. IR spectra were
recorded on a BIO-RAD FTS-6000e spectrometer at 0.5cm™!'
resolution by using a liquid-nitrogen-cooled HgCdTe (MCT) detector
for the range of 5000400 cm™'. Samples were annealed at different
temperatures and subjected to broadband irradiation (4> 250 nm)
from a high-pressure mercury arc lamp (Ushio, 100 W).

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Calculations: DFT calculations were performed to predict the
structures and vibrational frequencies of the observed reaction
products with the Gaussian03 program.'!! The BP86 density func-
tional was used with 6-311 + 4 G(d,p) basis sets for C and O atoms,
and the all-electron set of Wachters and Hay as modified by
Gaussian03 for Ti atoms. Geometries were fully optimized and
vibrational frequencies were calculated with analytical second
derivatives. Previous investigations have shown that the use of
BP86 can provide reliable information for titanium carbonyls, such as
IR frequencies, relative absorption intensities, and isotopic shifts.”!
For comparison, calculations were also performed with the hybrid
B3LYP functional. Molecular orbitals were generated with Gauss-
View.
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