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Reactions of laser-ablated group 3 metal atoms with methyl halides have been carried out in excess of Ar
during condensation and the matrix infrared spectra studied. The metals are as effective as other early transition
metals in providing insertion products (gHMX) and higher oxidation state methylidene complexes {€H

MHX) (X = F, ClI, Br) following a-hydrogen migration. Unlike the cases of the group64metals, the
calculated methylidene complex structures show little evidence for agostic distortion, consistent with the
previously studied group 3 metal methylidene hydrides, and th&®ond lengths of the insertion and
methylidene complexes are comparable to each other. However,8e Gond lengths are 0.013, 0.025,

and 0.029 A shorter for the GHScHX complexes, respectively, and the spin densities are consistent with
weak C(2p)-Sc(3d)x bonding. The present results reconfirm that the number of valence electrons on the
metal is important for agostic interaction in simple methylidene complexes.

Introduction chemistry, including persistent photoreversibility and dramatic
product increasew.

Recently the first preparation of group 3 metal methylidene
dihydrides has been developed from reactions with.EiGroup
3 metals are just as effective as other early transition metals in
C—H bond activation and the following-hydrogen migration.

;ubstlltuentsf are n()3rmally| negﬂed to" stab|I|_ze thle stlr uét#re. Interestingly enough, the structures are highly symmetrical (no
eactions of group 3 metals with small organic molecules have , e gistortion), unlike other early transition-metal meth-

not been studied often, and only a few complexes have been,jijone dinydrideds The C-M bond length of CH—MHS is
identified from reactions of the cations with small alkaRes. comparable to that of CHMH, indicating that the methylidene
Preparation ofgroup3meta_1| complexes with K2 bonds (e.g., C—M bond is essentially a single bond. The symmetrical
RCH,~MX or RCH-MXY) is still a challenge. structures and relatively long-M bonds in the methylidene

There have been theoretical studies for the reactions of groupcomplex are traced to the small number of valence electrons of
3 metals with small organic molecules and the plausible the group 3 metals.

prodl_Jcts. Seigbahn et al. predicte_d_in their inve_stigation onthe previous studies show that methyl halides normally give
reactions of the second row transition metals with alkanes thathigher product yields in reaction with early transition metals
yttrium would not be very reactiveThey also explored the 5,4 show progressive variations in vibrational characteristics
possibilities of metal halide reactions with small alkahes. 5n4 molecular structures with the halide substit§efit.cor-
Dobado et al. suggested a distorted roup in ScCH in a roborating the reactions with methane. We, therefore, have

study of MCH, (M = K—Mn, n=1-3)°The binding energies  ¢aried out reactions of group 3 metals with &Hmolecules
and structures of MCHz, M—CHF, and M-CF, of the first (X = F, Cl, and Br) diluted in argon, and the products are

Unlike the cases of other transition metals, group 3 metal
complexes with &M bond are rare, partly due to the small
number of valence electrons, which limits the number of ligands
and electron back-donation to the liganti-orbitals® Bulky

row transition metals were reported by Dairitaand Duarte. identified from the matrix infrared spectra. The insertion and
Bonding of the first- and second-row transition-metal cations methylidene products are formed during deposition and pho-
to methylidene (:Ch) was analyzed by Bauschlicher et’al. tolysis afterward, while the yields vary dramatically from system

Reactions of laser-ablated early transition-metal atoms with to system. Consistent structural characteristics of the products
methane and methyl halides have recently introduced a neware observed, and in several systems, photoreversibility is found.
class of small complexes with a carbemetal bonc~1° Products are identified by the effect of isotopic substitution on
Particularly the high oxidation state products with multiple the infrared spectrum and complementary density functional
carbor-metal bonds are relevant model systems for much larger theory (DFT) frequency calculations.
high oxidation state transition-metal complexes, which often
have important catalytic properties for methathesis reactions of Experimental and Computational Methods
alkenes, alkynes, and cyclic compour#isthe small meth-
ylidene complexes normally possess agostically distorted struc- Laser-ablated group 3 metal atoms (Johnson-Matthey) were
tures and many of the systems also show fascinating photo-reacted with CHX isotopomers ((ChF, CHCI, and CHBr

(Matheson), CBF (synthesized from C{Br and Hgk), 13CHsF,

*To whom correspondence should be addressed. E-mail: Isa@ CD3Br (Cambridge Isotopic Laboratories, 99%), and {CD

virginia.edu. (synthesized from CEBr and HgC})) in excess argon during
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Figure 1. IR spectra in the regions of 1481540, 1096-1120, and 456730 cnt* for laser-ablated Sc atoms co-deposited withsEHh excess
argon at 8 K. (a) Se+ 0.2% CHF in Ar co-deposited for 1 h. (b) After broad-band photolysis with a filtler-(420 nm). (c) After broad-band
photolysis with a filter (240< 1 < 380 nm). (d) Sct 0.5% CHF in Ar co-deposited for 1 h. (e) After broad-band photolysis with a filfer(
420 nm). (f) After broad-band photolysis with a filter (2404 < 380 nm). (g) After broad-band photolysis with a filtér £ 420 nm). (h) After
broad-band photolysis with a filter (248 4 < 380 nm). (i) After annealing to 28 K. (j) After annealing to 36 iKm, andh denote the product

absorption groups.

condensation ta8 K using a closed-cycle refrigerator (Air

photolysis and annealing, and the observed frequencies are listed

Products HC-2). The methods have been described in detailin Table 1. The Set+ CHsF spectra in the regions of 1480

elsewheré®1°Concentrations of gas mixtures are typically-0.2

1540, 1096-1120, and 456710 cnt! are shown in Figure 1,

0.5% in argon. After reaction, infrared spectra were recorded which includes the original spectra after co-deposition with 0.2

at a resolution of 0.5 cnt using a Nicolet 550 spectrometer
with an MCT-B detector. Samples were later irradiated by a
mercury arc lamp (175 W) with a combination of optical filters

(a) and 0.5% (d) CkF and their variations upon photolysis and
annealing (b,cej).
The absorptions markeidincrease about 20% upon visible

for 20 min periods and were annealed, and more spectra were(] > 420 nm) irradiation (b and e), while the absorptions marked

recorded.

m decrease about 50% as shown in Figure 1.mtabsorptions,

Complementary DFT calculations were carried out using the however, quadruple on UV (248 1 < 380 nm) irradiation (c

Gaussian 03 packageB3LYP density functionad! 6-11++G-
(3df,3pd) basis sets for C, H, F, Cl, Br, and?5and SDD
pseudopotential and basis ¥efor Y and La to provide a

and f), while thei absorptions virtually disappear. In the
following visible irradiation (g), the absorptions reappear with
about 30% of the original intensity and the absorptions

consistent set of vibrational frequencies for the reaction products.become halved again. In the next UV irradiation (h), the

Geometries were fully relaxed during optimization, and the
optimized geometry was confirmed by vibrational analysis. Fine
grid gives virtually the same results as ultrafine grid computa-
tions. Anharmonic frequency calculations using numerical
differentiatior?* (with Gaussian 03 keyword “anharmonic”) were
also carried out with B3LYP to compare with experimental
values and to examine the effects of anharmonicity. Additional
BPW912> MP226 and CCSD’ calculations were done to
substantiate the B3LYP results. All of the vibrational frequencies
were calculated analytically. In the calculation of binding energy
of a metal complex, the zero-point energy is included.

Results and Assignments
Reactions of Sc, Y, and La with methyl halide isotopomers

absorptions double in intensity and thabsorptions disappear
again. On annealing, then absorptions sharpen and later
decrease (i and j), and theabsorptions, on the other hand,
reappear.

Clearly thei and m absorptions are photoreversible; an
increase of thé absorptions is accompanied with a decrease of
them absorptions on visible irradiation and vice versa on UV
irradiation. However, on repeating the photoreversible cycles,
the intensities of absorptions tend to decrease, indicating that
the conversion on UV photolysis is more effective than the
reverse rearrangement on visible photolysis. Similar spectral
variations upon photolysis and annealing are also observed in
the Sc+ CDsF spectra shown in Figure 2. The absorptions
marked withh increase slightly{10% in total) in the process

were carried out in condensing argon, and the observed productof photolysis and annealing but do not show any dramatic
vibrational characteristics and their variations upon photolysis variation in intensity. However, thé absorptions increase

and annealing are compared with the calculated results.
Sc+ CH3X. The IR spectra from reactions of laser-ablated
Sc atoms with ChF and CQF are shown in Figures 1 and 2.
Three sets of product absorptions marked (for insertion
product), ‘m” (for methylidene), and K" (for higher-order

substantially at high concentration of g indicating a higher-
order product.

The strongm absorption at 1511.2 cmh appears in a
relatively clean region of the spectrum and shows essentially
no 13C shift but a D shift of —421.5 cnt? (H/D ratio of 1.387),

product) are observed on the basis of the behaviors uponindicating that this is a SeH stretching absorption. The S¢d
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Figure 2. IR spectra in the regions of 1080100, 860-880, and 446710 cnT! for laser-ablated Sc atoms co-deposited withsEIM excess
argon at 8 K. (a) Se- 0.5% CDOyF in Ar co-deposited for 1 h. (b) After broad-band photolysis with a filtler=(420 nm). (c) After broad-band
photolysis with a filter (240< 4 < 380 nm). (d) After broad-band photolysis with a filter £ 420 nm). (e) After broad-band photolysis with a
filter (240 < 4 < 380 nm). (f) After annealing to 28 K. (g) After annealing to 36iKm, andh denote the product absorption group, and P indicates
precursor absorption.

TABLE 1: Frequencies of Product Absorptions Observed from Reactions of CHX with Sc in Excess Argor?

CHsF CDsF BCHgF CHiCI CD4CI CHgBr description
i 1106.9 868.9 1097.7 Ctleform
656.7 655.2 656.4 SeX str
505.9 453.8 496.5 €Sc str
m 1511.2 1089.7 1087.7 1511.3 1524.8 1092.9 1527.9 —$tstr
679.5 669.6 679.0 SexX str
565.3 553.9 586.1 Chvag
481.2 472.4 CScH bend
h 696.2, 687.3 692.3, 683.3 696.0, 686.8 —Festr
630.9, 625.1 629.0, 621.9 630.4, 625.0 —$cstr

aAll frequencies are in crrt. A stronger absorption is bold. Description gives major coordinate, andh stand for the insertion, methylidene,
and high-order products, respectively.

and Se-D stretching frequencies are compared with the of 1.002 and 1.000), respectively. On the basis of the strong
hydrogen stretching frequencies of ScH, $c8cD, and Scb intensity and the small isotopic ratios, the band is assigned to
at 1530.4, 1487.8, 1103.4, and 1079.1émespectivel8 The the Se-F stretching absorption of GH ScF.

strong Se-H absorption suggests that the product responsible  The m absorption at 565.3 cm has its'3C counterpart at

for the m absorptions has an S¢i bond. There is na 553.9 cnt! (Y2C/13C ratio of 1.021), while the D counterpart is

absorption in the SeH stretching frequency region. not observed probably due to its low frequency. The band is
Group 4-6 metals react with CiHand CHX to form the assigned to the CHwagging mode. Anothem absorp-
insertion and higher oxidation state products §EMIX, CH,= tion at 481.2 cm! and its'C counterpart at 472.4 cm (*2C/

MHX, and CH=MH,X, X = H or halogen)-> Group 3 metals 13C ratio of 1.018) are attributed to the CScH bending mode.
also activate methane to GHMH and CH—MH,.1” On the Thei absorption at 505.9 cm has D and'3C shifts of —52.1
basis of the previous results” and new bands in the St and —9.4 cnt! (H/D and2C/23C ratios of 1.115 and 1.019),
stretching region, the energetically most plausible reaction and on account of the frequency and isotopic shifts, the
product responsible for the absorptions is a Grignard-type band is assigned to the—Sc stretching mode. A weak
species, CHz—ScF, while that for then absorptions is Ck- absorption is observed at 1106.9 ¢mand its D and3C
ScHF. It will be shown below that the other absorptions in the counterparts at 868.9 and 1097.7¢nfH/D and2C/*3C ratios
low-frequency region also support these identifications. of 1.274 and 1.008), respectively. On the basis of the frequency
Another strongn absorption is observed at 679.5 chand and the large H/D ratio, it is assigned to the {d¢formation
its D and13C counterparts are seen at 669.6 and 679.0'cm mode.
(H/D and®2C/*3C ratios of 1.015 and 1.001), respectively. The  As described above, the obseniednd m absorptions and
small isotopic shifts indicate that the band originates from a their variations show that scandium also forms the insertion
vibrational mode that does not include large displacements of product (CH—ScF) in the reaction with methyl fluoride and
hydrogen or carbon atoms. This frequency is compared with the methylidene complex (GH ScHF) via followinga-hydro-
the ScF, Sck and Sck frequencies of 735.6, 685.0, and 692.0 gen migration. Hydrogen migration is apparently reversible,
cm 129732 The absorption is assigned to the-F¢ stretching resulting in the interchange between £+5cF and CH—ScHF
mode of CH—ScHF. On the red side of tha absorption, an as shown in Figure 1 and Scheme 1. The present results show
i absorption, which is strongest among thabsorptions, is that reaction of metal atoms with small organic molecules and
observed at 656.7 cmi. The D and!3C counterparts are following photolysis is an effective method to provide the rarely
observed at 655.2 and 656.4 chithe H/D and?C/*3C ratios studied group 3 metal methylidenes.
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The calculated harmonic frequencies for£t$cF and Ch—
ScHF listed in Tables 2 and 3 are in the range of agreement
expected for the B3LYP density functional with the observed
values. A footnote comparison shows that the ultrafine grid
makes little difference in the computed frequencies. Similar
calculations with the BPW91 functional gave comparable
frequencies (Table S1 of the Supporting Information). e

The anharmonic frequencishow much better agreement
(within 1% especially for the high-frequency stretching modes),
parallel to the previous products from Sc andGHHowever, .
the anharmonic calculation often overcorrects for low-frequency Wavenumbers (cm )
modes (e.g., the CScH bending mode of £13cHF), and the Figure 3. IR spectra in the regions of 1564545 and 565605 cnt?
predicted anharmonic frequency for the low-frequencysCH for laser-ablated Sc atoms co-deposited withsCHa—f) and CHBr
distortion of the insertion complex is an unreasonable imaginary (9~ in excess argon at 8 K. (a) Se0.2% CHCI in Ar co-deposited

. . : . for 1 h. (b) After broad-band photolysis with a filtet & 420 nm). (c
value. The anharmonic frequency calculation is particularly After brE)a)d-band photolysispwith gfilter (248 1 f380 nm)). gdg

susceptibl_e to the condition of the _poten_tial energy surface agter broad-band photolysis with a filtef & 420 nm). (e) After broad-
because it depends on the numerical differentiation of the band photolysis with a filter (248 4 < 380 nm). (f) After annealing

surface. It is difficult to model the shallow bending potentials to 28 K. (g) Sc+ 0.2% CHBr in Ar co-deposited for 1 h. (h) After

for the bending and deformation frequencies. broad-band photolysis with a filtei (= 420 nm). (i) After broad-band
The Sc-F stretching frequency region in Figures 1 and 2 photolygis with a filter (240< A < 380 nm).m denotes the product

contains absorptions markéd In the previous study of group ~ 20sorption group.

3 metals+ CH,, broad absorption features in the hydrogen

stretching region are also attributed to higher-order products, yransition-metal halides and show that they are as effective as

VO (-)
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but the structures are not identifi€ti.The relatively small  he metal atoms.
increase of the higher-order product on annealing as shown in
Figures 1 and 2 suggests that conversion to the higher-order Sc+ CH;F — ScF+ CH,, —36 kcal/mol (1)
product requires activation energy.

Extensive calculations were carried out in an effort to identify ScF+ CH;F — CH;Sck, —106 kcal/mol  (2)
the higher-order product, and the most energetically plausible
are (CH),Sck and CHScF,. (CHs),Sck, particularly draws Another possible reaction path to @HScF, is to abstract a
attention because analogous higher-order productssj6iuii ,,
X = H or halogen) have been identified from reactions of group Sc+ CHF —~ CH;ScF - —94 keal/mol 3)
4 and 5 metals with ClHand CHX.1®> McGrady et al. also . . .
Synthesized (CBleClz from reaction of qu with (CH3)2- fluorine atom from CHF by CH;—ScF, reaction 4, which would

Zn22and its matrix frequencies are consistent with the observed '€/€ase 47 kcal/mol, comparable with 56 kcal/mol released by
values for the higher-order product in the-FiCHsCl spectre® formation of (CH).ScF from CHScF and CHF, reaction 5.

The absorpti i -
ptions of _the higher-order produc_ts of group 4 and 5 CH,SCF+ CH,F — CH,—ScF, + CH,, —47 keal/mol
metals, however, increase dramatically in the process of

annealing as well as at high reagent concentrations.

While the calculated structure of (GHScF, is similar to the CH,ScF+ CH;F — (CH,),Sck,  —56 kcal/mol (5)
analogous products for group 4 and 5 metaihe vibrational
characteristics are not. Especially a strong antisymmetrig CH Either way, formation of Ckt-ScF, is highly feasible, and more
deformation band would appear at around 800 §mwhich is evidence is necessary to confidently identify the product
not observed in the S¢ CHsF spectra. In contrast, the GH responsible for then absorptions. Observation of the ScF
Sck, molecule basically reproduces the observed vibrational absorption would support formation of GHScF,. The gas-
characteristics of thl absorptions. The only strong bands of phase frequency of ScF is known (735.6 &% and the
CHs—ScF, arise from the SeF stretching modes, which are  neon matrix fundamental has been assigned as 726.¥m
about 30 cm? higher and lower than that for GH ScF. Hence, the 714.1 cm band observed in both the Se CHsF

The fact that the higher-order product is produced almost and Sc+ CDsF spectra is assigned to ScF in solid argon. The
exclusively during deposition suggests that metal atoms with CHz absorption may be hidden by tieband near 615 cr,
excess energy are needed to form the product. The Sc atom irand CL is in fact observed as part of the absorption at 453
fact can extract the F atom from GHto form ScF, reaction 1. cm 114
ScF then can undergo a reaction with £Ho form the final The reactions of Sc with C¥€l and CHBr were also done,
product, reaction 2, and the reaction exothermicity is actually and the IR spectra are illustrated in Figure 3. Previous studies
higher than that of Set CHsF, reaction 3. Siegbahn et al. show that CHCI and CHBr are as reactive as GH with early
investigated theoretically methane activation by second-row transition metald® Formation of the Sc insertion complexes
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TABLE 2: Calculated Frequencies of CH;—ScX Isotopomers in

Cho and Andrews

the Ground2A’ Electronic State

CH;—ScF CR—ScF 'CHs; ScF CH—ScCl CD;—ScCl CH—ScBr CD;—ScBr
approx description anharfn. harm. int  harm. int. harm. int anhafm.harm. int harm. int anhart. harm. int harm. int
A’ CHg str 2912.8 3079.8 9 22754 3 3069.4 9 2916.4 3077.9 6 22733 2 2912.5 3076.3 6 22720 2
A' CHg str 2822.8 2974.8 6 2133.3 1 2971.6 6 29394 29727 6 21321 2 2833.9 29720 7 21317 2
A' CH3z bend 1374.5 1419.9 0 1030.0 0 1416.8 0 1368.8 1415.7 0 10273 0 13624 14152 0 10270 O
A’ CHz deform 11055 1139.0 11 891.9 26 1130.0 9 1103.8 1139.8 11 893.6 27 1107.4 1140.3 10 894.0 27
A' Sc-X str 654.8 667.8 171 666.2 167 667.7 171 410.3 4294 102 4055 91 2771 289.8 37 2640 9
A’ C-Sc str 464.8 510.3 65 4581 63 500.8 61 4921 5044 82 458.6 85 4856 5015 82 4541 77
A' CHz rock 438.4 4148 21 325.6 7 4104 23 3365 3585 18 290.1 4 3345 396.1 54 331.7 64
A’ CScX bend 99.4 1332 6 1238 5 1322 5 89.9 98.9 4 909 3 61.9 883 2 804 2
A" CHsstr 2895.1 3038.7 7 22451 2 3028.2 7 2873.4 3036.5 8 2243.3 2 28755 30358 8 22428 2
A'" CHz bend 1369.0 1430.1 10 1038.1 7 14269 10 1378.2 14284 10 1036.5 7 1379.6 1427.8 10 1036.0 7
A" CHzrock 3448 379.7 7 283.9 5 377.8 6 349.7 3714 9 2778 7 3459 369.7 10 2764 8
A" CHsdistort —3714.5 4.2 1 7.1 2 4.2 1 -624 49.4 1 349 1-1240 529 0 375 1

aHarmonic frequencies and intensities computed with B3LYP/6+3&G(3df,3pd), and the all-electron basis is used for Sc. Frequencies and
intensities are in crt and km/mol. Ultrafine grid used for GHScF.» Anharmonic frequencies.

TABLE 3: Calculate Frequencies of CH,—ScHX Isotopomers in the Ground?A’" Electronic State?

CH,—ScHF CD—SCcDF  13C H,—ScHF

CH—ScHCI CD—ScDCI CH—ScHBr CD—ScDBr
approx description anharfn. harm. int harm. int harm. int anhafm.harm. int harm. in. anharf. harm. int harm. int
A' CH str 2947.6 3109.8 13 23025 4 3098.4 14 2955.7 31144 10 2306.0 3 2952.7 31154 9 2306.8 3
A' CH str 2886.9 3033.0 8 2200.8 1 3027.1 9 2891.7 3035.2 6 2202.3 0 2888.8 3035.9 5 2202.7 0
A' Sc—H str 1491.1 1551.3 511 1109.9 280 1551.3 511 1529.3 1571.3 517 1124.0 279 15183 1575.3 527 1126.8 284
A' CH, sciss 1359.3 1369.2 2 1023.0 10 1363.4 2 1354.3 1363.1 2 10199 10 1351.0 1360.9 2 1018.7 11
A' Sc—X str 688.7 699.3 326 683.3 245 698.7 323 3819 3804 25 337.3 2 288.6 2924 25 2757 12
A' C—Sc str 565.0 5721 99 5322 83 5611 101 593.7 599.8 258 549.6 173 585.0 594.6 227 5459 150
A' CScH bend 474.6 492.6 19 379.0 24 489.2 18 508.7 518.2 53 4440 89 489.7 509.1 41 4079 63
A' CHz rock 355.8 375.0 9 2887 11 3722 8 343.3 354.6 9 266.5 8 329.3 349.8 7 261.2 7
A' CScX bend 139.4 145.1 2 131.9 2 1441 2 108.3 110.5 2 100.6 2 94.6 97.2 2 87.9 1
A" CH,wag 596.5 609.6 82 4781 63 604.3 79 581.0 6128 77 480.7 58 583.7 612.0 75 480.1 56
A" CHy twist 203.6 209.6 36 148.7 16 209.5 36 211.9 198.3 66 140.7 37 183.8 198.2 86 1409 50
A" ScH OOP bend 80.3 99.7 290 75.6 174 99.6 290 233.9 102.8 201.3 80.0 115 1145 110.2 164 83.0 90

@ Harmonic frequencies and intensities computed with B3LY P/6+3&G(3df,3pd), and all-electron basis is used for Sc. Frequencies and intensities
are in cnm* and km/mol. CH—ScHF has also & (planar) structure at other levels of theory (BPW91, MP2, and CCSD). The symmetry notations
are based on th&; structure.? Anharmonic frequencies. All frequencies in table calculated using fine grid: in contrast, the frequencies in the third,

tenth, and twelfth rows of columns one and two are 1501.9, 1549.7,

from CHs;Cl and CHBr are both energetically favorable,
reactions 6 and 7.

Sc+ CH,Cl — CH,ScCl —86 kcal/mol (6)

()

However, the product absorptions in Figure 3 are clearly far
weaker than those in the St CH3zF spectra, and the weak

Sc+ CHyBr — CH;—ScBr  —79 kcal/mol

591.8, 609.5, 81.2, and 101u8ingultrafine grid.

m, andh on the basis of the behaviors upon photolysis and
annealing, and the observed frequencies are summarized in
Table 4. Both tha and m absorptions in the original spectra
after deposition show almost no change on visible irradiation,
but thei absorptions disappear completely upon UV irradiation,
while the m absorptions almost triple. This suggests that the
product responsible farabsorptions converts upon UV irradia-
tion to another product responsible for timeabsorptions. The

. . ._absorptions markel are less visible relative to those in the Sc
absorptions become even weaker in the process of photolysis._

This suggests that the Sc reaction products easily dissociate byun

laser plume radiation. The 1524.8 chband with CHCI shifts
to 1092.9 cm?! with CDsCl (H/D ratio 1.3952), which is
appropriate for the SeH stretching mode in the GH-ScHCI
complex. Furthermore the GHvag at 586.1 is just slightly
higher than this mode for GHScHF.

It is also interesting that the S¢4 bond length decreases
and the Se-H stretching frequency increases with increasing
halogen size in the CiH+ScHX complexes. The SeH stretch-
ing frequency increases by 13.6 chon substitution of F with
Cl, and it further increases by 3.1 cfon substitution of Cl
with Br. Similar trends are also reported in previous investiga-
tions with early transition metafst® The lower electronegativity

CHgsF spectra in Figures 1 and 2. They remain virtually
changed in the process of photolysis and annealing but
increase considerably at high concentration, similar to those in
the Sc+ CHsF spectra. Also shown is a weak absorption for
OYO~ from target surface impurit$!

The most distinctive product absorption is timeabsorption
at 1397.7 cm?® in Figure 4, which shows né°C shift but a
sizable D shift of—397.2 cnt! (H/D ratio of 1.397). The
frequency is compared with the-YH and Y—D stretching
frequencies of 1385.1 and 995.4 chifor YH3 and YD,28
although no absorptions of binary yttrium hydrides are observed.
The single strong product-YH stretching absorption indicate
that parallel to the Sé- CHsF case, the Y methylidene complex

of the larger halogen is expected to allow more electron density (CHz—YHF) is formed during deposition and UV photolysis

to remain in the SeH bond, resulting in a stronger Sél bond

afterward. Na absorptions are observed in the-¥ stretching

and the higher stretching frequency. This is also manifest in a fegion, and therefore, theabsorptions most probably originate

shorter C-Sc bond.

Y + CH3X. Figures 4 and 5 show that the IR spectra from
reactions of laser-ablated Y atoms with ¢-and CRF. Parallel
to the Sc case, three sets of product absorptions are marked

from the insertion complex (C#+YF), which is energetically

most plausible.

Another strongn absorption is observed at 575.1 chand
its D and!3C counterparts are seen at 567.3 and 575.3cm
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Figure 4. IR spectra in the regions of 1370430, 1106-1120, and 556830 cn1? for laser-ablated Y atoms co-deposited with £Hh excess
argon at 8 K. (a) Y+ 0.2% CHF in Ar co-deposited for 1 h. (b) After broad-band photolysis with a filler-(420 nm). (c) After broad-band
photolysis with a filter (240< 1 < 380 nm). (d) After annealing to 28 K. (e) After annealing to 36 Kndm denote the product absorption group.
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Figure 5. IR spectra in the regions of 990010, 865-885, and 456-600 cnt? for laser-ablated Y atoms co-deposited with40n excess argon
at 8 K. (a) Y+ 0.2% CIyF in Ar co-deposited for 1 h. (b) After broad-band photolysis with a filfer(420 nm). (c) After broad-band photolysis

with a filter (240 < 4 < 380 nm). (d) After annealing to 28 K. (e) After annealing to 36i Kn, andh denote the product absorption groups, and
P stands for precursor absorption.

TABLE 4: Frequencies of Product Absorptions Observed from Reactions of CHX with Y in Excess Argon?

CHsF CDsF BCHgF CHCI CD4ClI CHsBr CDsBr description
i 1112.7 875.9 1104.4 1113.7 1111.7 gteform
584.7 584.0 584.4 ¥X str
496.5 459.7 CY str
m 1397.7 1000.5 1397.7 1419.6 1018.6 1424.3 1021.2 —Hstr
5751 567.3 575.3 ¥ X str
540.0 457.4 527.6 CHvag
503.5 461.0 493.4 510.1 466.2 509.7 466.2 —\Cstr
454.7 CYH bend
h 566.6, 563.9 562.9, 559.8 566.2, 563.7 —F str

a All frequencies are in crit. Description gives major coordinaiem, andh stand for insertion, methylidene, and high-order products, respectively.

which are compared with the previously reported YFYand and its D and'C counterparts at 461.0 and 493.4 énfH/D

YF3 frequencies of 631.29, 550, and 663 ©m respec- and?C/A3C ratios of 1.092 and 1.020) are attributed to theXC
tively.2931.350n the basis of the frequencies and small isotopic stretching mode on the basis of the frequencies and isotopic
shifts, they are assigned to the-¥ stretching mode. A weak  shifts. Thei absorptions are much weaker relative to thetSc

m absorption emerges at 540.0 chhand its D and3C CH3F case. The absorption at 1112.7 cm has its D and3C
counterparts emerge at 457.4 and 527.6 /D and12C/ counterparts at 875.9 and 1104.4¢niH/D and'2C/*3C ratios

13C ratios of 1.180 and 1.024). They are assigned to the CH of 1.270 and 1.008) and is attributed to the {déformation
wagging mode. Another sizabla absorption at 503.5 cm mode. On the blue side of the—¥F stretching absorption of
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for laser-ablated Y atoms co-deposited with {LD(a—d) and CRBr
(e—qg) in excess argon at 8 K. (a) ¥ 0.2% CIxCl in Ar co-deposited
Figure 6. IR spectra in the regions of 1430430, 1106-1120, and for 1 h. (b) After broad-band photolysis with a filtet & 420 nm). (c)

Wavenumbers (cm”)

430-530 cn? for laser-ablated Y atoms co-deposited with4CH(a— After broad-band photolysis with a filter (248 1 < 380 nm). (d)
f) and CHBr (g—k) in excess argon at 8 K. (a) ¥ 0.2% CHCl in After annealing to 28 K. (e) ¥+ 0.2% CDBr in Ar co-deposited for
Ar co-deposited for 1 h. (b) After broad-band photolysis with a filter 1 h. (f) After broad-band photolysis with a filter (2401 < 380 nm).
(A > 420 nm). (c) After broad-band photolysis with a filter (2401 (9) After annealing to 28 K.

< 380 nm). (d) After broad-band photolysis with a filtet & 420

nm). (e) After broad-band photolysis with a filter (2401 < 380 m La + CH,F (0.2%)

nm). (f) After annealing to 28 K. (g) Y+ 0.2% CHBr in Ar
co-deposited for 1 h. (h) After broad-band photolysis with a filter (240

m
. m
< 1 < 380 nm). (i) After broad-band photolysis with a filtet ¢ 420 ___,/\»\.‘ _____,,____MMM(e)
nm). (j) After broad-band photolysis with a filter (2404 < 380 nm). _—_j\\
——J—-M (d)

(k) After annealing to 28 Ki and m denote the product absorption
_——JL\— Ww(c)

groups.
CH,—YHF, ani absorption is observed at 584.7 thand shows
-——-——/\—* e nnete N e Preaeresrtssrersilorthy (b)

very small D and3C shifts of 0.7 and 0.3 cni. It is assigned
to the Y—F stretching mode of CH-YF. Thei absorption at
496.5 cnr! without observation of its D antfC counterparts
is attributed to the €Y stretching mode. The observed
vibrational characteristics support formation of £HF. A\ AN . (a)
Parallel to the case of Se CHgF, the observeti absorptions —
are believed to be due to the-¥ stretching bands of a high-
order product mostly formed during deposition. The invariance . )
of the intensities in the process of photolysis and annealing Figure 8. IR spectra in the regions of 1240290, and 446550 cm'*

- for laser-ablated La atoms co-deposited withsElh excess argon at
indicates that only the laser-ablated metal atoms can undergog’, (a) La+ 0.2% CHF in Ar co-deposited for 1 h. (b) After broad-

the reaction to form the high-order product. (§#YF, and CH- band photolysis with a filter( > 420 nm). (c) After broad-band
YF, are considered as plausible products, parallel to the Sc casephotolysis with a filter (240< A < 380 nm). (d) After annealing to 28
(CHg)2YF2 would give not only the Y-F stretching absorptions K. (e) After annealing to 36 K.

but a strong asymmetric GHleformation absorption- 750 ) . . .

cm2, which is not observed in this study. On the other hand, 1ons and the variations upon photolysis and annealing favor
the only strong enough absorptions of £HF, to observe are fprmatlon of .CH‘_YFZ over (CHa)ZY.FZ’ a dgfmmve 'der?“f'ca'

the symmetric and antisymmetric-¥F stretching absorptions. tion of the higher-order product will require more evidence.

Absorbance —— 0.04

1290 1250 540 500 460
Wavenumbers (cm”)

Abstraction of the F atom from C4ff by the laser-ablated Y The IR spectra from reactions of Y with GBI and CHBr
atom is energetically favorable, parallel to the case ofiSc &€ also shown in Figures 6 and 7, and the measured product
CHsF, and the YF so produced can react with anothesfoid frequencies are listed in Table 4. Unlike the case of Sc, the
form CHs—YF», reactions 8 and 9. The reaction energy of YF Product absorptions are quite strong in thesCHand CHBr
+ CHaF is comparable to that of Y- CHgF, reaction 10. spectra. Nch absorptions are observed, partly due to the low
Y —Cl and Y—Br stretching frequencies. The-YH stretching
CHF +Y —YF+CH,  —48kcal/mol (8) frequency of CH—YHX increases with increasing size of

halogen, being consistent with the Sc case. Substitution of F
YF + CH;F — CH;YF,  —93 kcal/mol 9) with ClI increases the frequency by 21.9 ©m whereas
substitution of Cl with Br leads to an increase of 4.7 ¢ém
Y + CH;F— CHYF  —99 kcal/mol (10) Table 4 also shows that the comparable-\C stretching
frequencies of 510.1 and 509.7 chior CH,—YHCIl and CH—
Observation of the YF absorption would support the reaction YHBr are substantially higher than that of 503.5¢rfor CH,—
path, but unfortunately the matrix YF frequency is not known. YHF. These results, consistent with the Sc case, are explained
While the observed vibrational characteristics of thabsorp- with the lower electronegativity of larger halogens, leaving more
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TABLE 5: Calculated Frequencies of CH—YX Isotopomers in the Ground 2A’ Electronic State®

CHs—YF CDs—YF 13C H;—YF CH;—YCI CDs—YCI CH3—YBr CDs—YBr
approx description anharf.harm. int harm. int harm. int anharfn,harm. int harm. int anharfh. harm. int harm. int
A' CHjs str 2874.5 3067.7 12 22655 4 30575 13 29215 3068.0 8 22654 3 2898.4 3069.7 7 2266.3 3
A’ CHgs str 2818.8 2963.9 11 2126.8 2 2960.5 11 2829.3 2963.6 9 2126.7 2 2892.0 2961.2 9 21254 2
A’ CHz bend 1381.6 1422.2 0 1031.4 0 14191 0 1365.5 14176 0 10283 0 1471.2 1416.2 0 10274 O
A’ CH; deform 1121.1 11417 15 888.1 24 11331 13 1118.9 1143.7 17 891.0 28 11234 11448 18 892.2 29
A'Y—Xstr 583.1 5924 110 591.3 110 592.3 111 3370 335.1 32 349.3 67 2474 2423 28 2369 18
A’ C=Y str 427.8 4659 38 4124 37 457.3 33 4582 4644 40 414.1 38 4122 465.7 44 4156 41
A" CHs rock 511.4 397.6 15 313.6 5 3919 17 386.0 3845 47 2858 O 608.9 3723 26 2938 24
A’ CYX bend 99.3 1138 6 106.1 6 112.8 6 98.7 848 3 782 3 250.1 762 2 689 2
A" CHjs str 2890.8 3022.9 8 2232.6 3 3012.6 8 2853.8 3023.3 7 22329 2 2967.0 3020.1 7 22304 2
A" CH; bend 1358.5 14319 10 1039.4 7 1428.7 10 1393.1 1428.7 10 10369 7 14116 14284 10 1036.6 7
A" CHz rock 298.6 358.8 2 2673 2 357.0 2 3252 3531 2 2631 2 4354 348.0 2 2594 2

A" CHsdistort  —6428.4 2.5 0 6.5 1 25 0 —95.8 247 0 188 0 20402.7 50 O 73 0

aHarmonic frequencies and intensities computed with B3LYP/6+32G(3df,3pd), and SDD core potential and basis set are used for Y. Frequencies
and intensities are in cm and km/mol.>? Anharmonic frequencies.

TABLE 6: Calculated Fundamental Frequencies of CH—YHX Isotopomers in the Ground 2A Electronic State?

CH—YHF CD,~YDF 13CH,—YHF CH,—YHCI CD,—-YDCI CH>—YHBr CD,—YDBr
approx description anhar. harm. int  harm. int harm. int anharfn.harm. int harm. int anhart. harm. int harm. int
CH str 2928.4 3094.6 19 22904 6 3083.3 19 29335 3097.6 15 2292.6 5 2934.1 30985 14 22932 5
CH str 2877.0 30239 18 21942 3 3018.0 20 2879.5 3025.8 14 2195.7 2 28811 30259 14 21958 2
Y—H str 1399.3 14455 494 1029.3 240 14455 494 1428.7 14659 531 1043.1 277 14417 1467.6 552 1044.2 288
CH, sciss 1361.3 13751 3 1022.2 25 1369.7 3 13615 13753 1 1023.7 7 1358.0 13739 1 10227 7
Y—Xstr 590.5 5959 254 585.5 187 5954 257 3218 327.8 32 3119 10 2331 2350 23 229.1 15
CH, wag 565.0 587.3 82 458.2 57 5824 74 5712 5972 70 466.2 57 5714 5963 69 4658 53
C-Y str 502.7 507.3 131 468.7 94 496.7 134 5245 526.2 246 4754 127  489.6 526.7 229 4753 124.6
CYH bend 4456 4558 20 3516 32 4514 16 4674 4780 34 389.2 94 439.2 4769 23 3747 55
CH, rock 338.3 356.0 20 269.2 20 353.8 18 3233 3442 20 2548 12 290.2 3381 12 2520 14
CH, twist 171.8 196.4 47 140.1 24 1964 47 176.3 198.7 36 1408 18 1269 1994 57 1411 29
CYX bend 48.0 143.1 116 1156 28 1425 119 121.0 1048 47 912 13 81.5 838 2 757 2
YH OOP bend 15.5 83.2 1625 71.0 128 82.4 159103.6 452 222  36.0 136—498.8 80.6 243 55.7 134

aHarmonic frequencies and intensities computed with B3LYP/6+32G(3df,3pd), and SDD core potential and basis set are used for Y. Frequencies
and intensities are in cm and km/mol. CH—YHF and CH—YHCI have C; structures, whereas GHYHBr has aCs (planar) structure with
B3LYP and BPW91, whereas they all ha@e (planar) structures with MP2 and CCSBCalculated anharmonic frequencies.

TABLE 7: Frequencies of Product Absorptions Observed from Reactions of CHX with La in Excess Argon?

CHgF CDsF 13CHgF CHCI CDsCI description

i 510.4 510.2 510.4 LaX str

m 1264.2 904.5 1264.1 1291.0 923.1 -t str
529.8 CH, wag
503.9 498.4 503.6 LaX str
449.8 438.0 455.4 €lLastr

aAll frequencies are in crrit. Stronger absorptions are bold. Description gives major coordinate.
electron density in the ¥H and G-Y bonds?!® Tables 5 and 6 Only onei absorption is observed at 510 chas shown in

summarize the B3LYP calculated harmonic frequencies for the Figure 8, and it has D anBC counterparts at 510.2 and 510.4
CHs—YX and CH—YHX molecules and such frequencies cm. Deuteration leads to a relatively strongabsorption, as
calculated with anharmonic correction, and again this correction shown in Figure 9, consistent with the previous cases of early
is substantial only for the highest-frequency stretching modes. transition-metal reactions with methane and methyl hafids.’
Table S2 (Supporting Information) compares harmonic frequen- Deuteration evidently decreases the rateidgfydrogen migra-
cies calculated using the BPW91 functional. tion for conversion of ChH—MX to CH,—MHX. On the basis
La + CH3X. The IR spectra from reactions of La with H of the frequency and small isotopic shifts, tHeand is attributed
are shown in Figures 8 and S1 (Supporting Information), and to the La—F stretching mode. The frequency is also com-
the frequencies are listed in Table 7. The absorptions marked pared with the LaF and LaR; frequencies of 570 and 539
and m remain unchanged upon visible irradiation, but they cm™1, respectively?>3¢ While no otheri absorptions are
increase about 40 and 300% upon UV irradiation, respectively. observed, we attribute thebsorption to the insertion complex
No h absorptions are observed, and apparently the yield for the (CH;—LaF).
higher-order product decreases with increasing atomic weight The strongm absorption at 503.9 cm and its D and'3C
of the metal. The strongn absorption at 1264.2 cm in the counterparts at 498.4 and 503.6 ¢rare attributed to the L-aF
La—H stretching region shows n&C shift ard a D shift of stretching mode of Ckt+-LaHF. On the further low-frequency
—359.7 cm! (H/D ratio of 1.398). The LaH stretching region, anothem absorption is observed at 449.8 and'f§
frequency is compared with that of 1263.6 Thior LaH3.32:36 counterpart at 438.0 cth. They are assigned to the-Ca
No absorptions of lanthanum hydrides are observed in this study.stretching mode without observation of the D counterpart. A
The single strong LaH absorption shows that GHLaHF is weak absorption is observed at 529.8 @¢mwhich increases
readily formed in reaction of La with C4f and particularly on substantially like othem absorptions. It is, however, rather
photolysis afterward. sharp unlike othem absorptions, and the D aA#C counterparts
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Figure 9. IR spectra in the regions of 1271310 and 436480 cn1? 012 )
for laser-ablated La atoms co-deposited with;CHa—g) and CHBr £l P Qy& 124 5
(h—j) in excess argon at 8 K. (a) L& 0.2% CHCl in Ar co-deposited ¢ }0&%\ 2aal [ \ RSN .
for 1 h. (b) After broad-band photolysis with a filtet & 420 nm). (c) = 0(\ / La / g(@% : “
After broad-band photolysis with a filter (248 2 < 380 nm). (d) e Q R -
After broad-band photolysis with a filtei (= 220 nm) for 10 min (e) ,_1;‘ N N @ 12
After broad-band photolysis with a filtek (= 420 nm). (f) After broad- 7 k&
band photolysis with a filter (246 A < 380 nm). (g) After annealing (F\
to 28 K. (h) La+ 0.2% CHBr in Ar co-deposited for 1 h. (h) After )
broad-band photolysis with a filteid (> 420 nm). (i) After broad- 2 2
band photolysis with a filter (246 4 < 380 nm). (j) After annealing CHs-LaF (“A', Cy) CH,-LaHF (“A, C))

to 28 K. Figure 10. Optimized molecular structures of the insertion and

methylidene complexes of group 3 metals with £Halculated using
B3LYP and the 6-31%++G(3df,3pd) basis set. The all-electron basis
are not observed. The band is tentatively assigned to the CH is used for Sc, whereas the SDD pseudopotential and basis are used

wagging mode of Chi-LaHF. for Y and La. The bond lengths and angles are in angstroms and degrees.
The IR spectra from reactions of La with @& and CHBr The electronic states and molecular symmetry are shown below the

are shown in Figures 10 and S2 (Supporting Information). Ab- structure.

sorptions with moderate intensities are observed in theGCH Substitution of F with Cl increases the t&l stretching

spectra, but none in the GBIr spectra. The reaction products frequency by 26.8 crit, which is compared with 13.6 and 21.9

of La with CHgBr are apparently prone to dissociate. e cm! for the Sc and Y methylidene complexes, respectively.
absorption halves on visible irradiation, but it increases dramati- This suggests that the effects of halogen size on the hydrogen
cally (~10 times) upon UV irradiation. Then absorptions stretching frequency become more important when going down
exhibit photoreversible behavior as shown in Figure 10, unlike the column. The €La stretching frequency of 455.4 crhis

the La+ CHsF case, but the CH-LaCl participant could not also 5.6 cm?! higher than that of Ch-LaHF. The low

be detected due to the low frequency of the three strongestelectronegativity of larger halogen leads to higher-M and
modes. C—M stretching frequencies for all group 3 metal methylidene

TABLE 8: Calculated Frequencies of CHy—LaX Isotopomers in the Ground 2A’ Electronic State?

CHz—LaF CDh;—LaF 13CHs_LaF CHs—LaCl CD;—LaCl CH;—LaBr CD;—LaBr
approx description anharbn. harm. int harm. int harm. int anharfn.harm. int harm. int anharf. harm. int harm. int
A' CHs str 29215 3065.5 15 2263.5 6 3055.4 16 2926.9 3068.1 9 2265.2 4 2939.3 3068.4 8 22654 3
A' CHs str 2822.5 2949.1 13 2116.0 3 29457 14 2801.2 2949.1 11 2116.1 3 2805.8 2949.1 10 2116.0 3
A' CHz bend 1373.0 1415.2 0 1027.5 0 1411.9 0 13474 14119 0 10252 0O 13839 1409.3 0 10235 O
A' CHz deform 1102.8 11271 18 877.8 31 11183 15 1103.8 11326 19 883.8 34 1112.0 1131.2 20 883.1 36
A' La—X str 523.8 534.2 130 533.0 132 5339 130 2957 3025 38 3089 79 213.8 210.8 32 207.3 22
A' C—Lastr 405.0 416.6 69 368.0 60 407.8 63 419.7 4233 64 3752 54 4359 4209 69 373.7 59
A' CHzrock 343.8 3331 16 262.0 328.7 17 2972 3248 52 246.6 2 365.1 309.6 21 243.7 22

5
A’ CLaX bend 109.4 103.0 6 975 5 1024 6 71.8 718 4 672 3 89.9 550 3 503 2
A" CHsstr 2853.4 3009.5 14 2223.2 5 2999.1 15 2826.0 3010.8 14 22244 5 28319 30114 14 22249 5
A" CHs bend 1369.8 14275 13 1036.8 8 14241 12 1321.2 14246 12 10346 8 1391.3 1424.0 11 10341 7
A" CHsrock 293.6  298.2 0 2217 1 29%9 0 2852 3030 1 2250 1 3582 2991 1 2221 1
A" CHz distort 218.9 26.6 0 236 1 266 0-944 562 0 405 0 1633.8 324 0 242 O

a Harmonic frequencies and intensities computed with 643tG(3df,3pd), and SDD core potential and basis set are used for La. Intensities are
calculated with B3LYP. Frequencies and intensities are in‘camd km/mol.P Calculated anharmonic frequencies.
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TABLE 9: Calculated Frequencies of CH—LaHX Isotopomers in the Ground 2A Electronic State?

CHy—LaHF CD,—LaDF 13CH, LaHF CH—LaHClI CD,—LaDCI CH,—LaHBr CD,—LaDBr
approx description anharbn. harm. int harm. int harm. Int anhafm.harm. Int harm. Int anharth. harm. Int harm. int
CH str 2908.7 3073.9 26 2275.0 9 3062.7 27 2917.2 3082.2 19 22812 7 29275 30821 17 22813 7
CH str 28559 30014 29 21772 7 29956 31 2859.6 3005.7 22 21804 4 2860.7 3006.3 21 2180.7 4
CH, sciss 1335.6 1364.6 25 10142 4 13595 41 1277.0 1356.5 239 1013.3 5 1328.7 13635 245 10131 6
La—H str 1147.7 1336.0 696 949.8 363 13355 681 1218.6 1369.0 509 969.3 379 1293.7 1351 517 962.2 387
CH, wag 5244 5331 74 4180 57 5281 79 5038 5383 66 4215 53 5104 5385 67 4224 64
La—X str 507.6 524.0 231 520.3 191 523.7 226 2747 2932 41 2819 15 2201 2090 73 203.0 26
C—Lastr 4342 4405 217 4055 129 429.8 221 4120 4516 242 4151 117 4339 4534 221 416.6 109.1
CLaH bend 3524 399.1 45 301.7 51 3959 34 3293 4280 86 334.2 148 3904 4219 71 319.7 79
CH, rock 2517 3194 34 2428 28 3175 33 2309 3081 47 2291 15 2756 2925 18 2186 24
LaH OOP bend 2045 2074 195 150.7 94 2073 195 1955 201.6 175 1449 90 300.1 170.1 121 123.7 74
CH, twist 122.1 1424 3 1026 2 1421 3 1380 1328 9 9438 3 180.1 1237 41 896 14
ClLaX bend 949 1010 30 944 25 1003 29 77.1 715 18 649 16 93.9 65.1 22 584 19

aHarmonic frequencies and intensities computed with 64316 (3df,3pd), and SDD core potential and basis set are used for La. Frequencies
and intensities are in cnhand km/mol. CH—LaHX has aC; structure at levels of B3LYP, BPW91, and MPZalculated anharmonic frequencies.

/m ScHF is 2.158 A with BPW91, 2.181A with MP2, and 2.163 A

\01 > 70, 1227 \\ with CCSD. A diagnostic in the CCSD calculation (T1, O.G*I4)_
09\}/ 2“1’66 m_- ) 14l / " verifies that multireference character is not a problem in
K ( (h § describing the electronic configuration. While the insertion
o\ @{ & p % @s ’99 \ complexes all haveCs structures, the methylidene structure
90-@ 2 2) varies with the metal and halogen size. The Sc and La

/@ 6\ methylidenes have plana€d) and C; structures, respectively.

2 \J The Y methylidene complex hasG structure with F and Cl,

CH3-ScCl (ZA‘, C,) CH,-ScHCl (2A", Cy) but aCs structure with Br. A similar tendency is also reported

in the case of group 3 metals CH,.'” The La atom forms a

@ i pyramidal structure in CiH+MHX, parallel to the case of CH-
\o’l /@ 1234 \\ Q LaH,, and the carbon atom builds up a plane with the two
/05’\% '\\2‘*’321 7N Nio:é 2313 / \‘ hydrogen and metal atoms.

121.0

% ) g( ) It is interesting that the methylidene complexes show no
H§ @ \” 19’“ v, agostic distortion, such as the group 3 metal methylidene
-~ \% ) dihydrides!” Agostic distortion is common in the structure of

. alkylidene complexes of early transition metésnd even more

N\ /

\(\Jl/‘ @ obvious in the structures of the small methylidene complexes
9 2 of group 4-6 metals!® More recent theoretical study by von
CH;-YCL(PA', Cy) CH,-YHCI (A, Cl) Frantzius et al. also reproduced the agostic structure of Ti

methylidene hydride fluoridé’. The absence of agostic distortion
in the group 3 methylidenes demonstrates the importance of

\
>

» 1235 “/‘ g the number of valence electrons, which affects the electron
= 2431/ [ La \} 3 density in the carbonmetal bond and limits it to a single bond
=3 / 0 /” = with no agostic interaction.

A 113.7 R Figures 16-12 also show that the-€M bond lengths of the
2 methylidene complexes are comparable to those of the insertion

LCl) complexes, indicating that the methylidene-K bonds are
~ basically single bonds. Similar results are also observed from
CH;-LaCl (2 A, Cy) CH,-LaHCl (2 A, C)) the insertion and methylidene hydride complexes from reactions

of group 3 metals and methane. In group&metal systems,
Fig;J':eI.dll. Optimlized ”;O'ecu'a?: Stfﬁtu“?tsh g“_éhf iﬁ:&“ggna“d the C-M bond length of the high oxidation state complex is
methylidene complexes of group 3 metals wi alculal ; ;
B3LYyP and the &p311++G?3df gpd) basis set. The all-electron be?sis normally f“ofe than 0.2 A shorter than that O.f the lnsertlon
is used for Sc, whereas the SDD pseudopotential and basis are use&omplex' indicating that the carbemetal bond is a multiple
for Y and La. The bond lengths and angles are in angstroms and degrees: ond.
The electronic states and molecular symmetry are shown below the The two structural characteristics of the group 3 metal
structure. complexes, no agostic distortion and the relatively long meth-
complexes. Finally, the harmonic calculated frequencies areylidene C-M bond length, most likely share the same origin.
compared for the Ckt-LaX and CH—LaHX products in Tables Recent studies of small methylidene complexes from reactions
8 and 9. of early transition metals with CHand CHX have shown that

Structures. The structures of the products from reactions of more electron density of the methylidene-® bond normally

group 3 metals with methyl halides investigated in this study leads to a shorter bond and more agostic distoffidrhe C-M
are illustrated in Figures 1012 and S3 (Supporting Informa-  bonds of the group 3 metal methylidenes are the longest
tion), and the molecular parameters are listed in Tables S3 andamong those of the early transition-metal methylidenes, and the
S4 (Supporting Information) all using the B3LYP density small number of valence electrons does not allow for the
functional. Other levels of theory also give similar structural formation of a multiple bond between the carbon and metal
parameters. For comparison, the-8c bond length in Ckt- atoms.
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increasing atomic mass of the metal, 0.109, 0.092, and 0.077,
while that of the carbon atom increases, 0.944, 0.955, and 0.961,
respectively. This arises from less effective CE2p)(nd)
overlap with increasing metal size. Notice also that spin densities
on the hydrogen atoms bonded to carbon are slightly negative
due to spin polarization from the carbarradical and the spin
densities of the metal hydride and halide substituents are very,
very small (Table S4, Supporting Information). Finally, there
is a general decrease in—-® bond length with increasing
halogen substituent size for the group 3 metals and early
transition metals as welp

Conclusions

Reactions of laser-ablated group 3 metal atoms with methyl
halides (X= F, CI, and Br) were carried out and the matrix
infrared spectra studied. Three sets of product absorptions
markedi, m, andh are observed and grouped on the basis of
the behaviors upon photolysis and annealing. Visible and UV
photolysis normally favor theandm absorptions, respectively,
while detail variations depend on the metal and halogen. In
several systems thieand m absorptions are photoreversible.
The h absorptions increase substantially at high concentration
but only slightly on photolysis and annealing. Tihen, andh
absorptions are attributed to the insertion ¢EfIH), meth-
ylidene dihydride (CH-MH,), and higher-order (CHIX5)
products. The yield of the higher-order complex decreases with
the atomic weight of the metal.

The C-M bond length of CH—MHX is comparable to that
of CHz—MH, indicative of essentially a single bond, in contrast
to those of the methylidene complexes formed from group 4
metals?~15 There is evidence for weak C(2p%c(3d)x bonding

Figure 12. Optimized molecular structures of the insertion and in the CH—ScHX complexes. It is interesting that the group 3
methylidene complexes of group 3 metals with8Hcalculated using ~ metal methylidene complexes are not agostically distorted,
B3LYP and the 6-311++G(3df,3pd) basis set. The all-electron basis  qnsistent with the group 3 metal methylidene dihydritldsjt

is used for Sc, whereas the SDD pseudopotential and basis are use@ . :
for Y and La. The bond lengths and angles are in angstroms and degrees. learly different from the methylidene complexes of grouf4

15 ; ~ .
The electronic states and molecular symmetry are shown below the Metals:> The relatively long &M bond and no agostic
structure. distortion of the methylidene complexes are traced to the small

number of valence electrons in the group 3 metal, resulting in
The agostic interaction is currently understood as delocal- a low electron density in the essentially single k@ bond. The

ization of the carbormetal bonding electrori§,and therefore, present results reconfirm the trend that more electron density
the electron density in the bond is an important probe for the in the carbor-metal bond of the small methylidene complex
magnitude of the interaction. The extent of agostic distortion normally leads to more distortion around the bond due to
in small methylidene complexes varies progressively with the stronger agostic interactidfi.
number of valence electrons of the metal atom and the ligand
electronegativity."11.15> The present results reconfirm the im- Acknowledgment. We gratefully acknowledge financial
portance of the number of metal valence electrons on the support from NSF Grant CHE 03-52487 to L.A. and valuable
magnitude of agostic distortion for small GHMHF meth- encouragement from Marjorie Hare Andrews.
ylidenes. This trend is displayed in Figure 2 of our recent review

article!® o Supporting Information Available: Figures StS3, show-
Looking closely at the molecular structures in Figures-10  jng IR spectra and optimized molecular structures, and Tables
12, the C-Sc bond of the insertion CompleX is shorter relative 31—84’ ||St|ng harmonic frequencies and geometrica| param-

to that of the methylidene complex, regardless of the halogen eters. This material is available free of charge via the Internet
size. For instance, the-&M bond of CH—MF is 0.013, 0.002, at http://pubs.acs.org.
and—0.014 A longer in the order of Sc, Y, and La than that of
CHz—MHF. The same tendency is also observed in the Group References and Notes
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