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Viable activation of methane 1s a long standing
goal tor chemmists. Recent studies show that methane
activation by laser-ablated transition metal atoms
leads to tormation of the sumple insertion product
CH-MIL'" and in the case of Group 4 and 6 met-
als, o-H transter also gives the methylidene dihvdride
complex CH.=MH.. Electronic structure calculations
have shown agostic stabilization of these methylidene
complexes through CH. distortion and unequal
M-H bond lengths.”” The activation of a second
methane molecule gave new dimethylmetaldihy-
drides (CIL).MIL in the case of Group 4, but Group 6
allowed a second u~I1 transfer to form the methyli-
dynes CII=MIIL;,. Such simple methylidene and
methylidyne complexes provide a model for struc-
tures and substituent effects for the much larger
high-oxidation state complexes previously synthe-
sized

Niobium alkylidene complexes have been mostly
synthesized by «—H abstraction reactions: however,
attempts to provide a Nb methylidyne complex have
not been successtill giving related complexes instead.’
Recently reaction of laser-ablated niobium atoms
with methane has been carried out and CIL-NblI,

CIL=NbIL. CII=NBIL;, and (CIL)NbIL, are identified
in the matrix infrared spectra.” Questions, however,
still remain in the struchure of the methylidene hydride
complex, CIL=NbIL. Spectroscopic evidences
apparently show that the two Nb-IT bonds are
apparently equal, which are compared with the highly
asymmetric MH. groups of Group 4 and 6 metal
methylidenes.”” We report here an investigation
with electronic structure computations for the
structure of the smallest possible niobium methylidene
hydride complex {CIL=NbH,).

The frequencies of the product absorptions
observed from reaction of Nb with methane are
listed in Table 1.” The most distinctive absorptions
are NblIL, stretching bands, which are strong and
appear in a relatively clean area. Deuteration leads
to variations in frequency for all the absorptions,
and particularly the hydrogen stretching frequencies
show large isotopic shifts (H/D ratios of 1.39). On
the other hand. “C substitution results in almost no
change in the high frequency region. but gives sizable
shifts in the low frequency region.

Without Nb hydrides'” in the matrix spectra, the
two strong Nb-1T stretching absorptions with 1:2 inten-
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Table |. Frequencies of product absomptions observed from reaclions of methane with Nb in excess argon’

Group I, D, TN, CILD,
i T611.4 11391 16114 6110
1680.7 1206.0 1680.7 [680.7. 1666.4. 1652.5
1652.5 1189.9 1652.5 1205.5. 1198.4, 1188.7
m 8054 736.8 7845
547.1 546.6
4804 480.4
5475 11037 15422 15743
2 1489.5 1076.1 1489.5 1506.7, 1488.2
) 7175 12315 17175 1717.1, 1694.5, 16863
o 1686.3 12130 1686.3 1217.8,1212.8

"All frequencies are taken from Ref [9] and in cm '. Stronger absorptions are bold. i, m, a, and di stand for CH,-NbH,

CH.~NbH.. CH=NbH?, and (CH },NbH.. respectively.

sity ratio and other m absorptions (in 7uble 1) mdi-
cate that CH,=NbH,, is rcadily formed in rcaction
of Nb with CH,. Computation rcsults also indicate
that the small Schrock carbene is in fact most sta-
ble among the plausible products.” CH.D, provides
turther valuable diagnostic information tor the prod-
uct structure. Deuteration of one ot the hydrogen
atoms for the Nbll, group eflectively breaks down
the coupling between the two hydrogen stretching
motions.

The hydrogen stretching Irequencies of CHD—
NbIID in 7ahie 1, which arce at the middle of the
symmetric and antisymmetric hydrogen stretching
pairs, suggest that CH.=NbH, in its doublet ground
state has a € structure with two cqual Nb-H bonds.
Extensive calculations have been carried out at the

levels of BALYP, BPWO1, MP2, and CCSD with 6-
311GE2d,p) and 6-3114+HG(3df,3pd) basces.” Interest-
ingly enough, at all levels of caleulation performed
in this study, two stablc contformations are identi-
tied for CH,—NbH., the C, and C_ structures (£ig. 1).
The T1 diagnostic values for the CCSD calculations
are, however, fairly high (~0.06), suggesting that sin-
gle-reference calculations are not enough for accu-
rate determination of the structure.

Notice that the C, stucture shown in Fig. 1, which
is slightly more stable (less than 3 keal/mol) than the
C, structure, 1s agostically distorted. The agostic
micraction, obscrved as inclination of the C-1T bond
toward the transition metal center, is in fact quite
common among high oxidation-statc complexes.
Clot and Tisenstein®® and Scherer and MeGrady "

CszNsz(D)

Fig 1. Two stable (C, and C) structures of CEHL=NBLH, in the ground doublet states. The C; and € structure shown here are
calculated both at the level of CCSIY6-3114++G(3dT, 3pd)SDID (for Nb). The bond Iengihs and angles arc in A and degrees.
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Tuble 2. Observed and calculated fundamental [requencies of C11L.=Nbl1, isotopomets for configuration 2 (C ) in the Ground A’ Clectronic State”

CI1=Nbll. CD.=NbD, UCIL=Nbl L ClID=NbIID

Approximate [req. [req. Fteq. [req.

Desctiption B3LYP . . B Int. . . Int. . Int. . Int.

Obs, anharm® BILYP CCSD BPWYI M2 Obs,  CCSD Obs, cCsn Obs,  CCSD

v, A C-Tsin WIS 32254 32721 31626 353052 7 2425.1 10 32007 o 2556.2 18
v. A C-IT s 24735 25906 25207 24596 25176 21 18424 8 25238 21 2394.9 11
v; A Nb-TT str. 16807 17169 17719 17877 17499 19416 289 12000 12690 146 16807 17877 289 16064 17806 373
v, A’ CTL sels, 13368 13625 14482 13508 1520, 36 11006 15 1441.8 37 13505 26
v, A’ C=Nbst. B05.4 8284  853.8  889.8 8525 15313 3 7368  802.0 66 784.5 866.3 36 B05.4 8492 71
v, A’ NbI L scis. 600.8 6546 6963 6763 7904 72 5158 24 694.8 73 394.9 67
v; A’ NbI L, wag S119 0 3507 6431 5857 THoe 23 473 29 639.0 20 565.1 16
vy A’ CTL rock 547.1 4205 3057 5311 54060 3367 77 381.9 37 346.6 5307 77 476.7 66
v, AT NB-TT str. 16525 17018 17617 17743 17442 18795 470 11809 126701 243 16525 17743 469 11984 12684 197
v A" CTIL wag 6025 62903 6844 0220 TS 45 3370 2 678.5 45 547.7 20
v, A" NbIT, twist 4804 4043 4572 4587 4692 5498 66 33007 36 4804 457.8 05 3571 39
vy A" CTIL twist 1434 3009 2018 3108 4733 ¢ 207.7 ¢ 2N.8 ¢ 267.7 1

“Caleulated with 6-311++G(3df, 3pd)/SDD (for Nb). Frequencies and infensities are in cm™ and km/mol. [nfrared intensities are calculated values with CCSD. *Anharmonic

frequencies calculated with B3LYP.
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recently reported that agostic stabilization has little
or no dependence on C-H-M electron donation but
arises from delocalization of the C=M bonding elec-
trons, The C, structure varies considerably depending
on the level of theory. B3LYP density functional
underestimates the agostic distortion, while MP2
method and BPW91 density functional overestimate it.
More rigorous CCSD method gives an intermedi-
ate result.

On the other hand, the C, structure is quite unique
with two equal Nb-1I bonds. Unlike the C, struc-
ture, the C, structure hardly varies regardless of the
level of theory, which coincides with the expen-
mental evidences for the two equal Nb-H bonds, It
is interesting that the CH, group is also highly dis-
torted (Fig. 1), in fact even more than in the C,
structure, The calculated harmonic and anhanmonic
frequencies at various level of theory tor the C,
structure are listed in Zrble 2. Among then, the BPW91
frequencies of 1749.9, 1744.2, 852.5, 546.6, and
469.2 e’ best match with the observed values of 1680.7,
1652.5, 805, 547, 480.4 cm™'. The trequencies of
the other methane 1sotopomers are also compared with
the CCSD frequencies in Table 2, showing reason-
able agreements.

The calculated vibrational characteristics, while
showing reasonable agreements, also show system-
atic discrepancies with the experimental values. For
example, the calculated symmetric and anti-syvin-
metric Nb-H stretching frequencies are mostly too
close to each other in comparison with the observed
values (1680.7 and 1652.5 em™, 28.2cm™ apart).
Ilowever, unlike other methods, the MP2 trequen-
cies are too far apart (62.1 cni™). The level of agree-
ment between the experimental and calculated values
varies markedly i the low frequency region with
the calculation methods. Evidently, more accurate
molecular structure of CH.=INbH. ought to be deter-
mined while the C, structure is better in line than the
C, structure with the experimental results.”

We have shown that B3LYP. BPW91, MP2, and
CCSD caleulations with reasonably large bases give
two possible configurations (C, and C,) with similar
energies tor CIL=NbIL,. While the C, contiguration
is consistent with those of previously studied Group

B

4 and 6 methylidene complexes, the C, structure
with two equal Nb-H bonds reasonably reproduces
the observed frequencies and particularly the observed
isotopic variations. However, the calculated vibrational
characteristics also show systematic discrepancies
with the observed characteristics, and they, along
with the high Tl diagnostic value and the illusive
two configurations, request further theoretical examingations
such as multi-reference computations.
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