Inorg. Chem. 2007, 46, 4917-4925

Inorganic:Chemistry

* Article

Infrared Spectrum and Bonding in Uranium Methylidene Dihydride,
CH2=UH2

Jonathan T. Lyon and Lester Andrews*

Department of Chemistry, P.O. Box 400319, Charlaftes Virginia 22904-4319

Per-Ake Malmqvist and Bjo 'rn O. Roos

Department of Theoretical Chemistry, Chemical Center, POB 124, S-221 00, Lund, Sweden

Tianxiao Yang and Bruce E. Bursten

Department of Chemistry, The Ohio State Lémsity, Columbus, Ohio 43210

Received December 15, 2006

Uranium atoms activate methane upon ultraviolet excitation to form the methyl uranium hydride CHs—UH, which
undergoes a-H transfer to produce uranium methylidene dihydride, CH,=UH,. This rearrangement most likely
occurs on an excited-quintet potential-energy surface and is followed by relaxation in the argon matrix. These
simple U + CH, reaction products are identified through isotopic substitution (**CH,, CDs4, CH,D,) and density
functional theory frequency and structure calculations for the strong U-H stretching modes. Relativistic
multiconfiguration (CASSCF/CASPT?2) calculations substantiate the agostic distorted C; ground-state structure for
the triplet CH,=UH, molecule. We find that uranium atoms are less reactive in methane activation than thorium
atoms. Our calculations show that the CH,=UH, complex is distorted more than CH,=ThH,. A favorable interaction
between the low energy open-shell U(5f) o orbital and the agostic hydrogen contributes to the distortion in the
uranium methylidene complexes.

Introduction the agostic interaction of hydrogen with a transition-metal
Uranium chemistrv is important because of our need for center’ ! The simplest example of this interaction is the
y P methylidene dihydride, C}#=MH,, which provides an ideal

ern:brl%;ng(\ivri?h Ill:)ﬂfa?r:nfgrl:tr;?]z' (:rr]]\?ir(?r?r?qoecr:?zilegor?:grlr?sez;:(?mc’del system to examine substituent effects and the agostic
P . . T ' interaction with a variety of transition metals. Groups 4 and
for the detection of nuclear explosivEs. Uranium is the

third actinide metal, and its chemistry may be related to that 5, and pa_rt|cularly group 6 alkyllder_1e com_pl_exes hav_e been
o characterized, but the corresponding actinide alkylidene
of the group 6 transition metats.

. . complexes have not been prepatédyjthough uranium
Transition-metal complexes with carbemetal double b prepated 9

bond . tant i al dinati hemist dqf carbon multiple-bonded complexes and surface-stabilized
onads are important in metal coordination chemistry and 1or , 4;qe alkylidene species have been repoftétincreased

use as catalysts in alkene metathesis and alkane activation
reaction€~7 Many early transition-metal alkylidenes exhibit

(6) Buchmeiser, M. RChem. Re. 200Q 100, 1565.
(7) Schrock, R. RChem. Re. 2002 102, 145.
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1994 66/67, 123. (12) (a) Pool, J. A.; Scott, B. L.; Kiplinger, J. U. Am. Chem. So2005
(4) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced 127, 1338. (b) Burns, C. JScience2005 309, 1823.
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reactivity of actinide alkylidenes may make them difficult

Lyon et al.
reacted with methane and isotopic samplé€id,, CDs, CH,D,)

to prepare using conventional synthetic methods, but the soliddiluted in argon during co-deposition onto 8 K substrate. Infrared
argon matrix environment can isolate and prepare thesespectra were recorded on a Nicolet 550 FTIR after sample

compounds.

Laser-ablated Zr atoms activated £td form the CH—
ZrH insertion product, which rearranged byH transfer to
the methylidene dihydride G#ZrH, complex*® This me-
thylidene was determined from its matrix infrared spectrum
using isotopic substitution and electronic structure calcula-
tions to exhibit CH and ZrH, distortion, which is charac-
teristic of the agostic interactich! This distortion was
measured through the'HC—Zr angle computed as 92.9
at the B3LYP level and 83%at the CCSD(T) level>16 A
similar investigation with the actinide Th found methane
activation to form the analogous thorium methylidene,€H
ThH, with a 95.6 agostic H—C—Th angle at the B3LYP
level and 93.1 at the CCSD level” A recent theoretical
investigation predicted that the insertion of Th into thekC
bond of methane would be essentially barrierless and
considerably exothermi.Moving to the right two rows in

deposition, after annealing, and after irradiation using a mercury
arc lamp.

The structures and vibrational frequencies of product molecules,
the anticipated quintet insertion product £HUH, and the triplet
methylidene CH=UH, complex were calculated using density
functional theory (DFT). We performed the DFT calculations with
the B3LYP density function&® the 6-311-+G(2d,p) basis sefd;?>
SDD pseudopotential (32 valence electréhg) the Gaussian 98
system’ as well as the PW91 function#}2°and the uncontracted
STO basis sets of triplg-quality?® with the ADF code! All of
the ADF geometries were fully optimized with the inclusion of
scalar relativistic effects. Vibrational frequencies and infrared
intensities were determined via numerical evaluation of the second-
order derivatives of the total energies. A numerical integration
accuracy of integratior 10.0 was used throughout, together with
very tight convergence criteria for energy iterations and for
geometry optimizations.

To investigate the spinorbit coupling effects in the Cj+=UH,
complex, we performed ab initio spiorbit configuration interac-

the periodic table, laser-ablated Mo atoms activate methanetion (SOCI) calculations with the Columbus suite of prograAs.

to form CH—MoH, CH,=MoH,, and CH=MoH;, which
rearrange through photoreversibléH transfer, and W atoms

The electron correlation and spierbit interaction are treated
simultaneously by the multireference CI method. The RECPs of

form the analogous complexes. The tungsten methylideneuranium and carbon atoms used in this work are those developed

exhibits weaker agostic bonding effects with a 95agostic
H'—C—W angle computed at the CCSD level. Both group

6 metals exhibit weaker agostic interactions, on the basis of

the computed H-C—M angles in the Ch=MH, meth-
ylidene dihydrides, than their group 4 counterpéits.

It is therefore of considerable interest to compare the
reactivity of U and Th in methane activation. To this end,
we prepare the simple uranium methylidene dihydride or
uranoethylene, CH=UH,, confirm its stability, calculate its
structure for possible agostic distortion, and determine that
furthera-H transfer to the hexavalent GeEUH3; methylidyne
species does not happen in this system. Multiconfiguration
character and spinorbit coupling may be important for the
anticipated triplet-state GHUH, molecule, so we also
compare the results of DFT calculations and the more

rigorous CASSCF/CASPT2 method, as has been reported

for the triplet-state U@molecule?®

Methods

The matrix-isolation apparatus has been described previ-
ously1521.22| aser-ablated (Nd:YAG laser operating at 1064 nm,
10 Hz repetition rate, 10 ns pulse width) uranium atoms were

(14) He, M.-Y.; Xiong, G.; Toscano, P. J.; Burwell, R. L., Jr.; Marks, T.
J.J. Am. Chem. S0d.985 107, 641.

(15) Cho, H.-G.; Wang, X.; Andrews, L1. Am. Chem. SoQ005 127,
465 (CH, + Zr).

(16) Andrews, L.; Cho, H.-GOrganometallics2006 25, 4040 (review
article).

(17) Andrews, L.; Cho, H.-GJ. Phys. Chem. 005 109, 6796 (CH +
Th).

(18) de Almeida, K. J.; Cesar, Arganometallics2006 25, 3407.

(19) (a) Cho, H-G.; Andrews, L1. Am. Chem. So@005 127, 8226 (CH
+ Mo). (b) Cho, H.-G.; Andrews, L.; Marsden, Giorg. Chem2005
44, 7634 (CH + W). (c) Roos, B. O.; Lindh, R. H.; Cho, H.-G;
Andrews, L.J. Phys. Chem. 2007, in press.

(20) Gagliardi, L.; Roos, B. O.; Malmqvist, P.-A.; Dyke, J. NL Phys.
Chem. A2001, 105, 10602.

(21) Andrews, L.Chem. Soc. Re 2004 33, 123.

(22) Hunt, R. D.; Andrews, LJ. Chem. Phys1993 98, 3690.
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by Christiansen and co-worke¥s:36 The uranium core is 1s through

5p shells (68 electrons). The carbon core is 1s shell (2 electrons).
Thus, in CH=UH,, 32 valence electrons are treated explicitly. The
correlation-consistent polarized-valence doublee-pVDZ) basis

(23) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang,
E.; Parr, R. GPhys. Re. B 1988 37, 785.

(24) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M. Phys.
Chem 1994 98, 11623.

(25) Frisch, M. J.; Pople, J. A,; Binkley, J. 3. Chem. Phys1984 80,
3265.

(26) Kichle, W.; Dolg, M.; Stoll, H.; Preuss, H. Chem. Physl994 100,
7535.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A_; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98revision A.11.4; Gaussian, Inc.:
Pittsburgh, PA, 2002.

(28) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.

(29) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Peterson,
M. R.; Singh, D. J.; Foilhais, CPhys. Re. B 1992 46, 6671.

(30) van Lenthe, E.; Baerends, E.JJ.Comput. Cherm2003 24, 1142.

(31) ADF 2004.01, Theoretical Chemistry, Vrije Universiteit, Amsterdam,
referenced in (a) Baerends, E. J.; Ellis, D. E.; RosCRem. Phys.
1973 2, 42. (b) te Velde, G.; Baerends, E.JJ.Comput. Physl992
99, 94. (c) Fonseca Guerra, C.; Visser, O.; Snijders, J. G.; te Velde,
G.; Baerends, E. J. IMethods and Techniques for Computational
Chemistry;Clementi, E., Corongiu, G., Eds.; STEF: Cagliari, Italy,
1995; p 305.
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(33) Yabushita, S.; Zhang, Z.; Pitzer, R. Nl.Phys. Chem. A999 103
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sets were used for €/, C3840 and H! atoms. Because SOCI 0.050 m

calculations are computationally intensive, full geometry optimiza- m

tions for the CH=UH, molecule are not feasible at this level of .

theory, so we used the ADF optimized geometries. In the ADF : ©

calculations, a total of 22 electrons were correlated, which include w
(d)

14 U electrons in the 6s, 6p, 5f, 6d, and 7s orbjtdl€ electrons

in the 2s and 2p orbitals, d H electrons in the 1s orbitals. Next,

we optimized the geometries using CASSCF/CASPT2 methétls W(c)
and calculated energies with spiarbit correction as described in 0)
a recent report? A relativistic ANO-RCC basis set was used of W@

the size 9s8p6d4f2g for Th and U, 4s3p2d1f for C, and 3s2p for G HO,
hydroger®> The active space included the actinide-carbon and 0.000
actinide-hydrogen bonding and antibonding orbitals (eight orbitals

with eight electrons) plus the two open-shell electrons for the
uranium system. The CH bonds were left inactive. The geometry Figure 1. Ir(ljfraretcri]spectra irt1_the 143‘13:‘0_ cm'* region for Ias?réa}lglatedu
was optimized at the CASPT2 level of theory using numerical 5’20t AT OGRSl o B e e o
gradients. Spirrorbit calculations were performed at the optimized o 20 min, (c) aftert > 220 nm irradiation for 20 min, (d) after annealing
geometries using the RASSI-SO metHéd. to 30 K, and (e) after annealing to 35 K.

Absorbance
f=3
f=3
[ )
wn

1480 1420 1360

Wavenumbers (cm™)

Results and Discussion at 30 K sharpens the bands, and they decrease together
on annealing at 35 K. No significant other absorptions are
observed in the spectra.

A similar reaction with'3CH,4 gave the same new product
absorptions to 0.1 cm. Three investigations with Cyave
. _ a weak new 1044.2 cm band and a 1016 cm shoulder
Infrared Spectra. The reaction of laser-ablated uranium absorption above the strong 994 ©mCD, precursor

fatolmt_s and me_than;e was mvestlgatefd n f|v|e argon rtnatt_rlx- absorption and at 977.4 crhbelow. These bands exhibited
ISolation eXpe””.‘e” S usmg arange of sampie concentralionSy, o, o, e photochemical and annealing behavior as thair CH
and laser energies, and infrared spectra from the 2.5% CH

) N m andi counterparts. Two experiments with 5% &M
sample arel- llustrated in Figure 1. Weak new 1‘.1?5'4 and produced weak absorptions at 1461.2 and 1453.6 atmove
1368.0 cm! bands are observed on sample deposition along

- . . 1 .0 cmt bel h 1431 cri
with a trace of HQradical, NUN, AgH*, UO, CHjs radical, ZES O?Lt)ti osneir? d Cat fg 43\/\6 t c:; ;gg\?g ans at097r7629§rr;]t
CoH,, CHj, and GHg.2247% The 1425.4 cm! band ) |

increases witih > 290 nm irradiation and acquires a partner below the 1032 cm' reagent band. Again, the same
) hotochemical and li havi found.
at 1461.2 cm?, but the 1368.0 cnt feature changes little; photochemical and annealing behavior was foun

however, withh > 220 nm irradiation the 1461.2 and 1425.4 U;I':estr: Stlxmnanf?elz zae%i? e"féagr:g ttEii :]egéc;n dz);ré?icfgnfg
cm™? pair (labeledn) increases 3-fold, and the 1368.0 ¢m g freq ' P

feature (labeled) increases slightly. A broader satellite substantiated by the H/D isotopic frequency ratios (1.3993,

. . 1.40, and 1.3996) and the absence of any carbon-13 shift.
absorption appears at 1416.5 dmSubsequent annealing The sharpm ban?js track together with c);]anges in CH

concentration up to 10% and laser energy giving U concen-
tration at least 2-fold higher; accordingly, the twobands

(38) See Ttttp:/_/V}IWW-Cthemistry-ohiO-State-edﬂﬂzer/basis_sets-html for  are due to two U-H stretching fundamentals of a single new
complete information. .
(39) Wallare, N. W.; Blaudeau, J-P.: Pitzer, R. Mt. J. Quantum Chem. molecule. Only the higher-frequenay bands analogous to

Matrix infrared investigation of the U atom and methane
reaction products will be presented along with quantum
chemical calculations of anticipated product molecules at
several levels of quantum chemical theory.

(37) Brozell, S. R. Ph.D. Dissertation, The Ohio State University, 1999, p
67

1991, 40, 789. bands from ChH and CD, experiments could be observed
g% gﬂ[}'ﬁ%ﬁ‘;f”fi chhgrﬂeg‘hyzg‘g;éogg 112 10070. with CH,D, because of masking by precursor absorptions,
(42) Roos, B. O. Ab Innitio Methods in Quantum Chemistryll. In but the saméabsorptions were observed unshifted from,CH

Advances in Chemical Physicsawly, K. P., Ed.; Wiley & Sons: and CO investigations. Thus, the broadérabsorptions

Chichester, U.K., 1987; pp 399145. be d h inal hi d f
(43) Andersson, K.; Malmavist, P.-A.; Roos, B. O.: Sadlej, A. J.; Wolinski, aPpear to be due t(_) t € single B stretc iIng moade o
@ K. J.lJ. ghys. Cheml199Q 94, 5483. another molecule with different photochemistry. The new
44) Gagliardi, L.; Roos, B. ONature 2005 433 848. 1 ; ; ;

(45) Roos, B. O.; Lindh, R.; Malmqvist, P.-A.;Veryazov, V.; Widmark, 1453'6_Cm band with CI",LDZ is due to the U-H StretChmg

P.-O.Chem. Phys. Letter2005 409, 295. mode in a UHD subunit, and unfortunately the H
(46) ;*901051 B. O.; Malmqvist, P.-APhys. Chem. Chem. Phy8004 6, absorption masks the+D counterpart. Observation of the
(47) (a) Milligan, D. E.; Jacox, M. EJ. Chem. PhysL963 38, 2627. (b) samei bands with CH, CH;D,, and CD provides evidence
) ?n)ﬂth, D. W.; Andrews, LJ. Chem.dPhy81974 6h0, 81. A for a single U-H(D) stretching mode.

48) (a) Hunt, R. D.; Yustein, J. T.; Andrews, . Chem. Phys1993 . . .
6070. (b) Zhou, M.; Andrews, L; Li, J.. Bursten, B. &.Am. Chem. Theqreucal Calculations and Prodgct Assignments.
So0c.1999 121, 12188. Following the example of methane activation products with

(49) Wight, C. A,; Ault, B. S.; Andrews, LJ. Chem. Physl976 65, 1244.
(50) Jacox, M. EJ. Mol. Spectroscl977, 66, 272.

(51) Wang, X.; Andrews, LJ. Phys. Chem. 2003 107, 337.

(52) Cho, H.-G.; Andrews, LJ. Phys. Chem. 2004 108 3965. (54) Souter, P. F.; Kushto, G. P.; Andrews, L.; Neurock,JVAm. Chem.
(53) Davis, S. R.; Andrews, LJ. Am. Chem. S0d.987 109 4768. S0c.1997 119 1682.

Zr, Mo, and Th!>171 we performed density functional
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observed here. The weak 1368.0 ¢mbsorption labeled
increases slightly on UV irradiation and can reasonably be
assigned to the strongest absorption of;€HH, which

is the anticipated first-reaction product. The 977.4 &m
CD, counterpart defines the H/D isotopic frequency ratio
1.3997, which is appropriate for a heavy-metaydrogen
stretching mode. The observation of both 1368.0 and 977.4
cm* bands with CHD is in agreement with this assignment.
Our calculations show that the replacement of H with D in
the methyl group does not alter the-Hl stretching mode.
Note that the Ch—UH structures are computed to be very
similar by the B3LYP, PW91, and CASPT2 methods
(Figure 2).

The distorted triplet methylidene dihydride @HUH;
(Figure 2) has a €U double bond length of 2.055 A, an
agostic H—C—U angle of 91.9, U—H bonds lengths of
2.024 and 2.040 A, and two strong-¥ stretching frequen-
cies computed at 1479.3 cm (460 km/mol) and 1437.1
cm! (665 km/mol), all using the B3LYP functional (Table
1). The next-strongest absorption, the=0 stretching mode,
is computed at 653.9 crh with only 20% of the intensity
of the strongest absorption. The PW91 calculation predicts
slightly higher strong U-H stretching absorptions at 1504.5
and 1462.0 cmt and a similar structure with more agostic
distortion (Figure 2). Furthermore, the ADF calculations find
the C; symmetry structure 1 kcal/mol lower than the
correspondingCs structure with a symmetry plane bisecting
the CH and UH angles. Analogous quintet GHUH,
structures inC; and Cs symmetries are 28 and 25 kcal/mol
higher in energy than the triplet GHUH, structure,
respectively. Next, we optimized the geometry for £H
UH, at the MP2//6-313+G(2d,p)/SDD levél using Gauss-
ian 98 and found that the MP2-optimized structure has even
more agostic distortion and is closer to the ADF-optimized
structure than the B3LYP-optimized structure’#€—U

Figure 2. Structures calculated for GHUH, CH,=UH>, and CH=UH3 ang|e 81.7, C—H: 1.140, 1.088 A, GU: 2.018 A, U-H:

using (a) the B3LYP (Gaussian) and (b) the PW9I (ADF) density functionals : : : :
and (c) the CASSCF/CASPT2 methods. Parameters (bond lengths in1'985’ 1.989 A) A recent comparative investigation of

angstroms and angles in degrees) calculated by these three methods ar@gostic bonding in CH=TiHF found the MP2 method
given from top to middle to bottom, respectively. overestimates the agostic distortion effekct.

) ) _ Next, we performed CASSCF/CASPT2 calculations for
calculations using the B3LYP and BPW91 functionals for CH,—UH, and CH—UH, and the structural parameters are

the quintet insertion product GHUH and the triplet . yhared in Figure 2. This more rigorously determined
methylidene ChH=UH, formed by subsequentH transfer. oty iidene structure is considerably distorted with param-

Similar ADF calculations for uranium oxyhydrides and —giors"hetween the PW91 and MP2 values. The methylidene
oxyh);gggmdes gave good frequency agreement with experi- s 15 kcal/mol higher in energy than the inserted hydride at
ment>>* _ o N this level of theory without the inclusion of spiorbit

The quintet methyl uranium hydride is the global minimum-  ¢,rjing, but with spir-orbit coupling this energy difference
energy primary product with a plane of symmetry, a long is only 1 kcal/mol. Finally, the Ck=UH structure contrib-
C—U single bond length of 2.396 A, atH bond length of 165 9696 to the ground-state triplet configuration, and the

2.058 A, and one very strong infrared absorption for the ojecylar orbitals calculated with the CASPT2 method are
U—H stretching mode computed at 1370 ¢n(658 km/mol) shown in Figure 3.

at the B3LYP level or at 1416 cm (374 km/mol) with the

PW91/ADF system. The calculated structures and parametersszy (a) Head-Gordon, M.; Pople, J. A.; Frisch, M.Chem. Phys. Lett.
are illustrated in Figure 2. Other frequencies of £HJH 1988 153 503. (b) Frisch, M. J.; Head-Gordon, M.; Pople, JOkem.

; Phys. Lett199Q 166, 275. (c) Frisch, M. J.; Head-Gordon, M.; Pople,
are computed to be too weak or too low in frequency to be 3. A.Chem. Phys. Letf1990 166 281, (d) Head-Gordon, M.. Head-

Gordon, T.Chem. Phys. Lettl994 220, 122. (e) Saebo, S.; Almlof,

(55) Liang, B.; Hunt, R. D.; Kushto, G. P.; Andrews, L.; Li, J.; Bursten, J.Chem. Phys. Letfl989 154, 83.
B. E. Inorg. Chem 2005 44, 2159. (58) von Frantzius, G.; Streubel, R.; Brandhorst, K.; Grunenberg, J.
(56) Wang, X.; Andrews, L.; Li, JiInorg. Chem 2006 45, 4157. Organometallic2006 25, 118.
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Table 1. Observed and Calculated Fundamental Frequencies ¢=OH;

approximate

mode CH=UH> lSCH2=U H, CD,=UD>

description obsd caléd int2 calcd int.> calcd int.c calcd int.a calé int.2

CH; stretch 3137.8 1 3071.7 1 3062.7 4 31274 1 2318.2 2
CH; stretch 2804 6 2631.7 3 2591.2 3 2797.4 7 20415 1
UH, stretch 1461.1 1479.3 460 1468.2 393 1504.5 413 1461.1 1479.3 460 1044.2 1049 229
UH; stretch 1425.4 1437.1 665 1417.0 561 1462.0 478 1425.4 1437.1 664 1016 sh 1019.4 345
CHz bend 1340.6 22 1335.5 21 1352.7 19 1333 21 1022.6 22
U=C stretch 653.9 138 658.4 127 701.3 135 636.5 136 585 88
CH; wag 607.1 127 593.7 69 591.9 112 601.3 123 476.8 89
UH; bend 517 82 575.7 69 639.4 16 514.7 85 389.4 24
UH; rock 477.5 60 438.0 59 488.8 40 475.7 56 345.6 49
CH, twist 392.8 33 413.8 66 442.2 34 392.5 32 279.8 20
UH, wag 320.9 80 259.1 41 296.0 22 320.6 79 228.6 39
CHz rock 217.3 40 150.9 78 235.5 42 217.1 40 154.4 20

aGaussian 98/B3LYP//6-311+G(2d,p)/SDD level of theory? Gaussian 98/BPW91//6-33H-G(2d,p)/SDD level of theory: ADF//PW91 level of theory
(intensity). All of the frequencies and infrared intensities are imtand km/mol. Observed values are in an argon matrix.

given in Figure 2. Experience has shown that the inclusion
of spin—orbit coupling has little effect on the calculated
geometry?°
Electronic structure calculations at different levels of
theory can provide vibrational frequencies, which ap-
proximate experimental values with different degrees of
accuracy. Density functional theory is particularly effective
for the prediction of vibrational frequencies for new mol-
ecules including those containing actinide metal at&mh%°
Table 1 compares sets of frequencies computed by the
Gaussian//B3LYP, Gaussian//BPW91, and ADF//PW91 den-
sity functional methods for ClH=UH, with the observed
U—H stretching frequencies. The B3LYP frequencies are 1.2
and 0.8% higher, the BPW91 values &r@.5 and—0.6%,
and the PW91 frequencies are 2.9 and 2.5% higher than
experimental values. This is the range of agreement for DFT
frequency predictions not corrected for anharmonitity.
Similar agreement between calculated and observed frequen-
cies is found for CRH=ThH, (Table 2) where Gaussian//
B3LYP frequencies are 0.1 and 0.2% lower, Gaussian//
BPW91 frequencies are 0.9 and 0.7% lower, and ADF//
PWO91 frequencies are 1.0 and 1.0% higher than experimental
values. These three methods also predict #d € stretching
and CH wagging modes: 1.3% high, 0.3% low, 3.0% high,
6.6% low, and 3.0% high, 3.8% low, respectively. In the
case of CH=ThH,, we were able to compute vibrational
Figure 3. (A) Twelve molecular orbitals for Cp+=UH, computed at the frequencies using the more rigorous CGSB%method in
e e e e cltas" Gaussian 98, and the CCSD frequencies are sighty higher
o orbital showing agostic interaction. than the values computed by DFT (Table 2). For example,
o ) ) ) the CCSD-calculated TH stretching frequencies are 2.7
Considering that DFT is a single-reference method without 54 3 504 higher than the observed values. This comparison
spin—orbit coupling, we also computed the electronic gypstantiates the use of the less-time-consuming DFT
structure of CH=UH, using the ab initio SOCI method. We  athods for computation of vibrational frequencies for
performed multireference CISD calculations. The MRCISD actinide-metal-containing molecules.
results are energy consistent with those of the DFT method.
The agostic distorte€; symmetry structure is 3 kcal/mol
lower than theCs symmetry structure. This illustrates that
after inclusion of the spinorbit coupling, the electronic-
energy order for these GHUH, structures does not
change. The agostic distortgd; structure is the global
minimum energy for the triplet Ci4+=UH, molecule, and the
distorted structure converged using the CASPT2 method is

(59) Zhou, M.; Andrews, L.; Li, J.; Bursten, B. B. Am. Chem. Sod999
121 9712.

(60) Zhou, M.; Andrews, L.; Ismail, N.; Marsden, G. Phys. Chem. A
2000 104 5495.

(61) Scott, A. P.; Radom, LJ. Phys. Cheml1996 100, 16502.

(62) (a) Cizek, JAdv. Chem. Physl969 14, 35. (b) Purvis, G. D.; Bartlett,
R. J.J. Chem. Physl1982 76, 1910. (c) Scuseria, G. E.; Janssen, C.
L.; Schaefer, H. F., [llJ. Chem. Phys1988 89, 7382. (d) Scuseria,
G. E.; Schaefer, H. F., 1llJ. Chem. Phys1989 90, 3700.
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Table 2. Observed and Calculated Fundamental Frequencies e=ChH;?

approximate

mode obsd calcd int.p calcd int.c calcd int.d calcct int.e

CH; stretch 3164.7 3 3078.7 0.3 3142.6 2 3080.0 2
CH; stretch 2853.4 14 2726.1 5 2861.4 11 2747.7 6
ThH, stretch 1435.7 1476.0 400 1450.9 295 1434.9 350 1422.1 305
ThH; stretch 1397.1 1448.1 709 1413.0 607 1394.2 698 1387.3 619
CH; bend 1371.0 8 1306.0 35 1327.5 11 1301.3 20
C=Th stretch 670.8 685.5 80 691.2 160 679.6 178 690.8 165
CH, wag 634.6 636.2 203 611.4 139 633.0 161 592.5 147
ThH; bend 458.7 540.3 70 508.5 24 492.8 110 495.0 38
ThH; rock 481.7 17 479.3 67 460.8 5 472.9 59
CH, twist 383.5 26 396.1 29 343.0 30 387.8 30
ThH; wag 347.6 71 352.2 65 321.9 65 345.8 58
CHy rock 64.2 96 238.2 56 248.4 62 224.3 51

aFrequencies and infrared intensities are inémnd km/mol. Observed frequencies are from argon matrix. Intensities are calculated Y&G&D//
6-311++G(2d,p)/SDD.c ADF//PW91.4 B3LYP//6-311+G(3df,3pd)/SDD level of theory: BPW91//6-313+G(2d,p)/SDD level of theory.

The sharp 1461.2 and 1425.4 chbands labeledn U* + CHy > [CH;—UH]* = [ CHy—UH,J*
increase substantially together on UV irradiation and are in
the range of agreement expected with the calculatedHU
stretching frequencies for GHUH,. The upper symmetric
stretching mode is weaker (38%) than the lower antisym-
metric stretching mode, and our calculation also predicts it
to be weaker (69%). We have no evidence for the substan-
tially weaker infrared absorptions computed for modes in
the 500-700 cm'! region, but these modes were observed
for the analogous halogen-substituted,&HX complexes,
which were produced in much higher yief.

Reaction Energies and MechanismdVietal-atom methane-
activation reactions proceed through bond insertion to form
the methyl metal hydrid& Although this U+ CH, reaction
appears to be_slightlly endothermic at the CASPTZ—SQ level U* + CH,D, — [CHD,—UHJ* —
of theory, the insertion product decreases on annealing, but . . o
increases on UV irradiation (Figure 1). This indicates that [CHD—UHD]* — CHD=UHD and CD=UH, (2)
reaction 1 is promoted by electronic excitation of U in the y=* + CH,D, — [CH,D—UD]* —
near-UV reg|orﬁ4 The. major triplet methylldgne produgt [CHD—UHDJ* — CHD=UHD and CH=UD, (3)
is 1 kcal/mol higher in energy than the quintet insertion
product at the CASPT2-SO level of theory, and the major If there were no agostic distortion, the-\ stretching

growth of the triplet methylidene is also observed on UV mode of CHB=UHD would be the median of the two-tH
irradiation. The qverall reac'glon.l is bellgved to procee*d stretching modes of CiUH, (1443.3 cnit in this case).
through the follolwmg. me‘?h"?‘”'sm- . Electronically exc!ted U However, our calculations predict the-H stretching modes
fc(>:r|r_r|1 ?jubg l:ltra\t/][olﬁ t |rradé)at|c;n ?f(]:twates.t(;t;) Ion;rr]]qulnt.ett ¢ for the distorted CHB-UHD isomers to be 8.2 and 33.5
(CHs );W Ich can be further excited 10 the quUINtet = .1 hejow the symmetric YH stretching mode of Cy+=
(CHZ_.UHZ) state following a-H transfer_ on the quintet UH.. We observe one of these weak absorptions at 1453.6
potenyal-ener'gy sgrface. The cold matrix then relaxes the cm %, down 7.6 cm?* from the observed symmetric mode,
energized quintet mtermeqllate states 1o the _qumte§{2H and the mode for the other isomer is presumably covered
UH ground _state an(_j the_trlplet GHUH, methylidene, and by the strong ChD, band at 1431 cn. The weak band
the methylidene dihydride complex appears to be the observed at 1453.6 cthfor CHD=UHD provides experi-
dominant product under these conditions. In the analogousrnental evidence for agostic distortion of @HUH,, which
Mo and methane system, ultraviolet irradiation produces is predicted by density functional, SOCI anfj, CASPT2
more CH=Mot, a 12 kcal/mol higher energy specieg, than calculations and by comparison witr,] @=|=IThI—,|2 and CH=
CHB_MOH’ anq the analogous-H transfer on.the excited- MoH,.1817190n the basis of the calculated agostie-i&
quintet pg)tbentlal-energy surface mechanism has beenbond lengths and HC—M bond angles, the agostic distor-
o, )

pr(_)r[:r)]osed.b i b d with GBI due 1o C tion in CH,=UH; is greater than in Ck#=ThH,. Likewise,
UD err(;a(\:sgall_c')nso servel Vlwt' G zare tl;]e t(:he—bz the agostic distortion computed for the &HJHX com-

2 and CB=UH, as our calculations show tha plexes is greater than that for the corresponding=€FhHX
complexe$3.65

| matrix relax | )
CH3—UH CH2 = UH2

and U-D frequencies are not shifted from GHUH, and
CD,=UD, values, respectively. The observation of the
symmetric U-H and U-D stretching modes of CB-UH,

and CH=UD, from the CHD, precursor (other bands
masked by very strong precursor absorptions) can be
explained by simpler-H transfer from the energized methyl
uranium hydride first formed on the excited-quintet potential-
energy surface.

(63) Lyon, J. T.; Andrews, Linorg. Chem2006 45, 1847 (U+ CHsX).
(64) Radziemski, L. J.; Steinhaus, D. W.; Engleman, R.JJopt. Soc.
Am. 1971 61,1538. (65) Lyon, J. T.; Andrews, Linorg. Chem 2005 44, 8610 (Th+ CHjzX).
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Figure 4. Infrared spectra in the actinide metal-hydride stretching region
for laser-ablated U and Th reaction products with,@iHd CHF in excess
argon after ultraviolet irradiation and annealing at-35 K. (a) Th+ 5%
CHs, (b) Th+ 0.5% CHsF, (c) U+ 2.5% CH, and (d) Th+ 0.5% CHF.

complexes are almost the same. We note, however, that the
C=U bond is computed to be 0.6®.08 A shorter than the
C=Th bond, and as a consequence, theadostic-H’
distance (2.178 A) is considerably less than the-@tjostic-

H' distance (2.361 A) (Figure 5). Recently, Andrews and
Cho have shown from CCSD(T) calculations that stepwise
relaxation of symmetry in Ch=2ZrH; leads to in-plane CH

and out-of-plane Zrkldistortion, whereas the=€Zr bond
length decreases, and the electronic energy of the system
decrease¥ Similar behavior has been found here for £H
ThH,, which has a distorted structufe.What then is
responsible for the greater agostic distortion in U than in Th
methylidene complexes? Hence, we examine structure and
bonding analyses with both DFT and more rigorous CASSCF/
CASPT2 methods for these actinide metals having different
d and f orbital participations.

Spectra are compared in the actinide-hydrogen stretching Figure 5 compares structures for €ThH, and CH=

region in Figure 4 for the U and Th methylidene dihydride
and hydride fluoride systenié%3¢5Notice that the two An-
H, stretching modes in Ci+UH, and in CH=ThH, are
slightly higher than the single AnH stretching mode in
CH;=UHF and in CH=ThHF. Notice also that the YH
stretching frequencies are higher than correspondingtTh
stretching frequencies (25, 28, 30 chhby about the same
amount that the antisymmetric fundamental of AJ484
cmY) is above this mode for ThH(1445 cnnt).5466 This
frequency comparison between &+JH, and CH=UHF,
where U-H, U—F, and U-C stretching frequencies and €H
wagging modes were also obsenfédubstantiates our iden-
tification of CH,=UH,, the uranium methylidene dihydride.

UH, calculated with two pure density functionals BPW91
and PW91 and CASPT2, and the agostie-B—M angle is
consistently 46° smaller, and the €H bond is 0.01 A
longer for the uranium than the thorium methylidene dihy-
dride complex. Because the valence electron configurations
of U(7s5f%6d) and Th(7%6d) are different, we expect
different metal atomic orbital participations in the—®
sigma and pi bonds, and, accordingly, slightly different
carbon orbital participations in the agostic-8' bond of
interest here. We performed NBO analy$isf the bonding

in both metal methylidene dihydrides at the BPW91 level
of theory as provided by the Gaussian calculation, and the
results are summarized in Table 3. The natural charges show

The relative chemical reactivities are also revealed by the that Th is slightly more positive, and thus carbon is slightly
spectra in Figure 4, which were recorded under similar laser more negative, hence the higher carboA2gharacter in
ablation conditions. Uranium appears to be less reactive thanCH,=ThH, than the carbon 2§*in CH,=UH,. The C-U

thorium with both CH and CHF on the basis of product
absorption intensities, but GRis substantially more reactive
than CH, (note the much-lower C§fF concentrations em-

o bond contains about 4% less carbon 2s and 4% more
carbon 2p character, and the-O & bond has about 3%
more carbon 2s and 3% less carbon 2p character as compared

ployed). This we believe is due to the greater metal reactivity to the G-Th bond. The slightly longer agostic-&4 bond

with the more electron-rich €F subunit than with the €H
bond.

Structure and Bonding. It is of interest to compare the
structures of Ck=ThH, and CH=UH, and to understand

the basis for the greater distortion for the uranium meth-

ylidene. Distortion of the CkHgroup in CH=MH, com-

for CH,=UH, exhibits 0.9% more 2s and 0.7% less 2p

character than for the agostic-El bond in CH=ThH,, but

this must be considered in light of the overall carbon 2p
character given above for the different actinide methylidenes.
Thus, the longer agostic-€H bond is 2.88/3.9% 0.736 of

the available p character on C in @HUH,, whereas the

plexes appears to be a general characteristic of methylideneshorter agostic €H bond is 3.01/4.15= 0.725 of the
complexes of group 4, 5, and 6 metals, but in contrast, agosticayajlable p character on C in GHThH,.

distortion decreases in this transition metal seffe¥.

Slightly larger distortions have also been calculated at the

DFT level for the CH=UHX complexes than the analogous
CH,=ThHX complexe$355 This distortion is not likely to

arise from electrostatic attraction of the metal center for the
C—H-bonded electron pair because the ionization energies

of Th and U are almost the same (6.1 éVand the Mulliken

charges computed for the metal centers in these methyliden

(66) Souter, P. F.; Kushto, G. P.; Andrews, L.; Neurock JVPhys. Chem.
A 1997 101, 1287.

(67) CRC Handbook of Chemistry and Physics: A Ready-Reference Book

of Chemical and Physical Dat&6th Edition; Lide, D. R., Ed.; Taylor
& Francis: Boca Raton, FL, 2005 (IE of Th and U).

The CASSCF/CASPT2 calculations show that both ac-
tinide methylidenes are quite monoconfigurational, so DFT
analysis should provide a good approximation. However, the
more rigorous CASSCF/CASPT2 calculation serves as a
calibration point for other methods. The pure DFT gives a
more-polar molecule than CASSCF, which is traced back
to the participation of 6d orbitals in the bonding and is much

qarger with CASPT2 than DFT. This gives less-polar bonds

from metal to H and to C with the more rigorous method.
The strong participation of 6d in Th and U bonds is a general

(68) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
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Figure 5. Structures calculated for GHUH; and CH=ThH, using (a) the BPW91, (b) the PW91, and (c) the CASSCF/CASPT2 methods. Parameters
(bond lengths in angstroms and angles in degrees) calculated by these three methods are given from top to middle to bottom, respectively.

Table 3. Computed Properties for GHUH, and CH=ThH, from
NBO Analysis and CASSCF/CASPT2 Calculatiéns

CH2=UH2 CH2=ThH2
charge M 2.14(2.295) 2.44
(spin density) 0.70(2.144)
—1.34(-0.213) —-1.61
—0.70(-0.080)
Hp 0.16(0.008) 0.18
0.21(0.0039)
He 0.20(0.003) 0.22
0.19(-0.0005)
Hd -0.57(-0.044) —-0.61
—0.020¢-0.033)
He —0.59(-0.050) —0.62
—0.20(-0.034)
natural M 7P4252.73 70445028
electron config. 60757002 60087 7003
7§).44 5f2.31 7§J.64 5f0.43
602227009 60236 7003
c 2841391 2514215
3pP01 3P0t 3pP01 303
Hb 1983 182
He 150.79 150.78
Hd 1457 1gl-61
He 151.59 151.61
bond character M—C o U s(3.6%) p(1.9%) Th s(4.5%) p(3.6%)
from NBO d(40.2%) f(54.1%)  d(68.8%) f(23.1%)
C s(20.7%) p(79.2%) C s(24.4%) p(75.3%)
M—-Cax U s(7.1%) p(1.8%) Th s(9.5%) p(2.8%)
d(38.6%) f(52.5%)  d(62.9%) f(24.8%)
C s(12.7%) p(87.2%) C s(9.6%) p(89.9%)
C—HP  Cs(25.7%) p(73.8%) C s(24.8%) p(74.5%)
C—H¢  Cs(40.7%) p(59.1%) C s(41.0%) p(58.8%)

aBPW91//6-313%+G(2d,p)/SDD level of theory with CASSCF/CASPT2
in bold type.? Agostic hydrogen attached to carb&rSecond hydrogen
attached to carbor.Hydrogen attached to metal center cis to agostic
hydrogen. Hydrogen attached to metal center trans to agostic hydrogen.

feature, and it fits well with other results such as the actinide
dimers®°

It is significant that CASSCF/CASPT2 shows a direct
interaction between the U(5f) sigma open-shell orbital and

the agostic hydrogen. This interaction has shifted the spin

density on the hydrogen from the normal negative polariza-
tion density to be slightly positive. This open-shell interaction
is plotted at different electron densities in Figure 3B, and at

the most sensitive level, we see the delocalization of electron

(69) Roos, B. O.; Malmqyist, P.-A_; Gagliardi, I. Am. Chem. So2006
105, 17000.
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density onto the agostic hydrogen. Hence, we conclude that
more favorable interaction with the lower-energy open-shell
U(5f) orbital is responsible for the stronger agostic interaction
in the U methylidene than found for the higher-energy vacant
Th (6d) orbital in the Th methylidene dihydride molecules,
as has been discussed in more detail in a theoretical
comparison of Ch=MH, complexes?°

Finally, our DFT calculations locate a stable singlet=€H
UH3; molecule withCs, symmetry and higher energy (47,
30, 34, and 54 kcal/mol at the B3LYP, PW91, CASPT2,
and CASPT2-SO levels) than triplet GHUH,. This CH=
UH3 molecule contains a nice, although slightly long, triple
bond with one sigma and two pi orbitals. The very strong
U—H stretching modes predicted near 1500 ¢tfior CH=
UHs were not observed here. Apparently, its much higher
energy makes CHUH; an unlikely product in contrast to
CH=MoH; and CH=WHj3;, which have stronger metal
hydride bonds and energies comparable to the other products
in the group 6 metal syste®"The computed structures
for singlet CH=UH; are compared in Figure 2 at the B3LYP,
PW91, and CASSCF/CASPT2 levels of theory. Notice the
very good agreement among the DFT and multiconfiguration
methods for this singlet molecule. Although B3LYP/Gaussian
predicts the U-H stretching frequencies more accurately,
PW91/ADF provides structures in better agreement with the
more-rigorous CASSCF/CASPT2 methods.

Conclusions

Ultraviolet excitation of uranium atoms promotes reaction
with methane to form the methyl uranium hydride £H
UH and its a-H transfer product uranium methylidene
dihydride, CH=UH, These methane activation products are
identified from the matrix infrared spectrum in the—l
stretching region through isotopic substitutié®#H,, CDsa,
CH.D,) and density functional theory frequency calculations.
Higher-level CASSCF/CASPT2 calculations demonstrate that
the triplet CH=UH, ground-state molecule has a distorted
structure of the type associated with agostic bonding, which
we associate with stabilization of the=® double bond
owing to the involvement of U(5f) valence orbitals. DFT
with the B3LYP functional in the Gaussian system and the
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