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Infrared Spectrum and Structure of CH,=ThH>

Lester Andrews*T and Han-Gook Cho*

Department of Chemistry, Usrsity of Virginia, P.O. Box 400319, Charlotteke, Virginia 22904-4319,
Department of Chemistry, Usrsity of Incheon, 177 Dohwa-dong, Nam-ku, Incheon, 402-749, South Korea

Receied: June 1, 2005; In Final Form: June 29, 2005

The actinide methylidene GHThH, molecule is formed in the reaction of laser-ablated thorium atoms with
CH, and trapped in a solid argon matrix. The five strongest infrared absorptions computed by density functional
theory (two ThH stretches, &Th stretch, CHwag, and ThH bend) are observed in the infrared spectrum.
The computed structure shows considerable agostic bonding distortion of then@H hH subunits in the
simple actinide methylidene dihydride GHThH, molecule, which is similar to the transition metal analogue,

CH2=HfH 2.
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Actinide chemistry is important because of its relevance to
atomic energy, the nuclear industry, and environmental concerns.
Thorium is the first actinide metal, but in many ways, its
chemistry follows that of the group 4 transition metals with
commonns?nd? valence electron configurations and the group
14 carbon family withns’np? valence electron configuratiois.
The formation of the stable tetrahedral molecules 7;i#{H.,
and PbH demonstrates this simple chemical principie.

High oxidation state transition metal complexes with carbon
metal double bonds are significant for understanding metal
coordination chemistry and for developing catalysts for use in
alkene metathesis and alkane activation reacfichslany early
transition metal alkylidenes are agostic, and these compounds
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help to characterize the agostic interaction of hydrogen with a 0107 . . . i . i L
transition metal centét:12 The simplest compound of this type 1450 1400 650 600 ]550 500 450
is the methylidene dihydride, GHMH,, which provides an Wavenumbers (em”)

ideal model system to examine substituent effects and the agostiigure 1. Infrared spectra in selected regions for the major product
interaction with different metals. Since agostic complexes of the reaction between laser-ablated Th atoms and methane in excess
usually involve the weak interaction between an electron- &rgon. (&) Spectrum obtained from initial sample deposit at 8 K, (b)
deficient metal center and hydrogen bonded to another elementSPectrum afted > 420 nm irradiation, (¢) Spectrum after 24880
thorium is a good partner. A large number of groups 4, 5, and hm irradiation, (d) Spectrum after > 220 nm irradiation, and (€)

. Spectrum after annealing to 26 K in sequence from the same sample.
6 alkylidene complexes have been characterfzéulit the
corresponding actinide alkylidene complexes have remainedagostic bonding®?The so-called agostic:HC—Zr angle was
elusivel® although closely related uraniurcarbon multiple-  computed as 92°9° A similar investigation with Hf and Ch
bonded complexes and surface-stabilized actinide alkylidenefound the analogous hafnium methylidene £HHfH, with a
species have been reporfédS Unusual reactivity of actinide ~ 95.6° agostic H-C—Hf angle!’ It is therefore of considerable
alkylidenes may render them difficult to isolate using conven- interest to prepare the simple actinide methylidene dihydride
tional synthetic methods, but the solid argon matrix environment CHz=ThH, and to calculate its structure for possible agostic

can preserve these compounds. distortion.

The reaction of laser-ablated Zr atoms and,@ikt formed Reactions of laser-ablated Th atoms with Jiiexcess argon
the CHi—ZrH insertion product, which rearranged layH during condensation at 8 K, using methods described previ-
transfer to the methylidene dihydride @HzrH,.16 This mol- ously/16.18reveal one major new product. The infrared spectra

ecule was characterized from its matrix infrared spectrum and N Figure 1 show new absorptions at 1435.7, 1397.1, 670.8,
density functional theory (DFT) electronic structure calculations 634-6, and 458.7 cm (labeledm). The Ch radical absorptiol?

to exhibit CH and Zrk distortion, which are signatures of  at 617-603 cnr! arises from precursor dissociation by the
ablation laser plume on the target surface. Visiblle>( 420
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t University of Virg?ma. ' ' ginia.ect: irradiation (246-380 nm) increases them another 50%, and full
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TABLE 1: Observed and Calculated Fundamental Frequencies of CH=ThH ;2

approximate CH2=ThH2 13CH2=ThH2 CD2=ThD2

mode description obsd. calcd. int. obsd. calcd. int. obsd. calcd. int.
CH; stretch 3142.6 2 3132.2 2 2321.7 2
CH; stretch 2861.4 11 2854.9 11 2084.7 2
ThH, stretch 1435.7 1434.9 350 1435.7 1434.8 350 b 1023.5 110
ThH; stretch 1397.1 1394.2 698 1397.1 1394.2 698 b 1005.7 98
CH; bend 1327.5 11 1320.5 11 989.0 340
C=Th stretch 670.8 679.6 178 651.5 659.7 173 602.9 614.8 127
CH, wag 634.6 633.0 161 629.2 627.5 157 499.2 495.1 109
ThH, bend 458.7 492.8 110 492.3 108 355.8 34
ThH, rock 460.8 5 458.2 4 344.4 29
CH, twist 343.0 30 342.5 30 245.3 18
ThH, wag 321.9 65 321.6 66 230.2 30
CH; rock 248.4 62 248.1 62 177.5 30

aB3LYP/6-31H+G(3df,3pd)/SDD level of theory. Frequencies and infrared intensities are-ihamd km/mol. Observed frequencies are from
argon matrix. Intensities are calculated valugRegion covered by CDprecursor absorption.

increases these bands another 25%. A final annealing to 26 K

sharpened and decreased the new absorptions about 10% and

removed the Cklbands in favor of sharp £ls absorptiorz?

Isotopic substitution of the methane precursor was employed
to characterize the product absorptions, which are listed in Table
1. Methane!*C shifted the lower but not the higher wavenum-
ber absorptions, which shows that carbon is involved in the
vibrational modes responsible for the lower absorptions, but not
the upper ones. Unfortunately, the strong fPprecursor
absorption covered the higher-wavenumber band counterparts
but two lower bands were observed.

Electronic structure calculations were done for products
expected from the Tht CH, reaction on the basis of our
experience with Zr and Hf- CH, reactionst®1” We used the
Gaussian 98rogram system, the B3LYP density functional,
the energy-adjusted SDD relativistic pseudopotential for Th (30
valence electrons), and the large 6-31G(3df,3pd) basis set
for C and H?122 This calculation predicted the strong mode
for singlet-state Thidonly 5 cnt® higher than observed in solid
argon, which is a good calibration. The @HThH triplet
ground-state molecule, like GHZrH, has one strong infrared
absorption, but this molecule is 10 kcal/mol higher in energy
than the more stable-H transfer product Ch=ThH; singlet
ground-state witlC; symmetry. Finally, the Ck-ThH, triplet
state is 24 kcal/mol higher in energy with G, nonplanar
structure, equivalent-€H (1.095 A) and Th-H bonds (2.081
A), and a longer (2.404 A) €Th bond.

The five new IR absorptions show unique photochemical and
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Figure 2. Structure calculated for singlet ground-state ;&fhH,
using B3LYP/6-31%-+G(3df,3pd)/SDD methods. Bond lengths in
angstroms and bond angles in degrees.

stretching modes are lower owing to shell expansion. The close
match between the five observed frequencies and the five
calculated frequencies with the highest infrared intensities is
striking. The calculated carbon-13 shifts are also in excellent
agreement with the observed values: The two Thtretching
modes have nd3CH,=ThH, shift, but the mostly &Th
stretching mode is calculated to shift 19.9¢nfobserved 19.3
cm~1) and the CHwag is calculated to shift 5.5 crh(observed
5.4 cntl). The latter two modes are calculated to shift 64.8
and 137.9 cm?, respectively, for CB=ThD, (observed 67.9
and 135.4 cm!). The excellent agreement between five
observed and calculated frequencies and their isotopic modifica-
tions confirms our observation of the fundamentally important
simple actinide methylidene hydride GHThH, molecule?*

The structure and bonding of GHThH, are of considerable

sample annealing behavior, and they can be assigned to the samiaterest in their own right. The Ci4=Th subunit is essentially

new molecule. The two absorptions at 1435.7 and 13972 cm
in the Th—H stretching region and with no carbon-13 shift
suggest strongly that this new molecule contains azuunit.
The ThH, molecule has been observed with similar frequencies
at 1480.1 and 1455.6 cthin solid argon from reactions of
laser-ablated Th atoms with,M Furthermore, the 670.8 cth
band shifts 19.3 cmt upon carbon-13 substitution, and a
C—Th diatomic harmonic oscillator would shift 25.0 cf
Hence, the 670.8 cnt absorption has a substantial amount of

coplanar, and the H atoms on Th are out of this plane. The
in-plane distortion of ChHl and out-of-plane distortion of the
ThH, group (unequal bond lengths and bond angles) are due to
the agostic bonding interaction, which stabilizes theT®
double bond?2 Although this structure and agostic distortion
(agostic HC—Th angle 95.8) are similar to that computed
for CH,=HfH; (95.6’), CH,=ZrH; (92.9"), and CH=TiH,
(91.6°),16:17.25this is the first observation and characterization
of the simplest possible thorium methylidene hydride species,

C—Th stretching character, and it appears in the region expectedCH,=ThHj,, which we may call “thora-ethylene,” and thus, the

and calculated for a:«€Th double-bond stretching modéThe
computed vibrational frequencies and structure ob€HhH,
using density functional theory are listed in Table 1 and
illustrated in Figure 2.

The vibrational frequencies calculated for the actinide meth-
ylidene CH=ThH, follow those computed for the analogous
transition metal Ck=ZrH, and CH=HfH, methylideneg817
Although the Hf-H stretching frequencies are higher than
Zr—H frequencies owing to relativistic effect$,the Th—H

simplest hydride containing a=€Th double bond. The €Th
bond length computed here for GHThH, is almost the same
as that calculated for CThO (2.124 Band the present 670.8
cm~! C=Th stretching frequency is slightly higher than the
606.0 cnt! argon matrix frequency for the CThO molecéfe.
The natural valence electron configurafibnalculated for Th

is dominated by 6d in the GHThH, molecule (natural valence
electron configuration is Th: 7405{0-236d0-83 7099 As such,
thorium behaves like a heavier group 4 transition metal d
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Figure 3. Structure calculated for singlet ground-state ,EfihH,
using CCSD/6-311+G(2d,p)/SDD methods. Bond lengths in ang-
stroms and bond angles in degrees.

elemeng”28There are two noteworthy differences: The natural
charge computed for Th (2.57) is much higher than that for Hf
(1.66)17 and the &Th bond length is 0.149 A longer in these
almost isostructural Cy#+=MH, methylidenes. Thus, the greater
charge on Th compensates for the longerN bond length,

as both methylidenes have the same B3LYP computed 95.6
agostic H-C—M angle.

To substantiate the agostic structure computed by DFT, we

performed a coupled cluster with single and double excitation
(CCSD) calculatio?tin C; symmetry at the CCSD/6-33H-G-
(2d,p)/SDD level, and the structure is shown in Figure 3. Notice
that the B3LYP and CCSD computed structures are very
similar: The agostic angle is 2.5maller but the &Th bond

is 0.023 A longer at the CCSD level. This calculation pro-
vided a T1 diagnostic of 0.017, which suggests that multiref-
erence character is not a probRrin the ground singlet-state
CH,=ThH, molecule. Earlier multiconfiguration/localized mo-
lecular orbital/configuration interaction calculations un@gy
symmetry found a stable structure for &FHfH,.3% Accord-
ingly, the CCSD calculation was repeated un@grsymmetry;

the G=Th bond length increased (2.166 A), the-TH bond
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Similar Th atom reactions with methyl halides produce agostic
methylidene thorium hydride halide complexes, which will be
reported in a later paper.
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