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Infrared Spectroscopic Studies of Mono-, Di-, and Trihydrido C—H Insertion Complexes
Formed in Reaction of Ethylene with Laser-Ablated Hafnium Atoms and Isolated in a Solid
Argon Matrix

Han-Gook Cho and Lester Andrews*
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The C-H insertion reaction of laser-ablated Hf atoms with ethylene in excess argon has been carried out
during codeposition at 7 K, and the reaction products have been investigated by means of infrared spectroscopy.

Parallel to the case of Zr, mono-, di-, and trihydride-& insertion complexes are identified. Among them,
the mono- and dihydrido €H insertion complexes are reaction intermediates of hydrogen elimination from

ethylene by second-row transition-metal atoms presumed in previous reaction dynamics studies. The higher

Hf—H stretching frequencies and shorterHif and C-Hf bond lengths of the hafnium-€H insertion products

than those of the zirconium products are attributed to the shortened bonds of the heavier metal atom by

relativistic effects.

Introduction species, the mono- and dihydridoéthylene complexes. More
recently, the reaction of ethylene with laser-ablated Zr atoms
has been investigated, and three i€ insertion products were
identified (mono-, di-, and trihydrido Zrethylene complexes)
on the basis of the behaviors of the product absorptions on
photolysis and annealing. Among them, the mono- and
dihydrido complexes are the reaction intermediates presumed

rearranges to an insertion product. Later, Parnis et al. measurecin earlier reaction (_jynam_ics S.tUdieS of hydragen elimination of
the reaction rate coefficients for several hydrocarbons including ethyl_ene by vaponzgd ;wcpmum atgms. )
ethylene with early second-row transition metals and their 't iS therefore an intriguing question whether hafnium, the
neutral diatomic oxide®They concluded that the €H bond last naturally available group 4 transition metal, also forms
insertion step followed by the elimination ofHs indeed the ~ Similar C—H insertion products with ethylene. Hafnium also
operative mechanism for the reaction of both metal atoms and Shows the interesting effects of decreasing atomic size owing
metal oxides. to relativistic effects on the electrof§s?® (i.e., shortening of
Such G-H insertion of ethylene often leads to Elimination. bonds and high vibrational frequencies of the procficts).
In a series of studies, Weisshaar and co-workers investigated'n this study, the reaction of ethylene with laser-ablated hafnium
the reactivity of ground-state, neutral, early second-row transi- &0ms diluted in argon was carried out, and the products isolated
tion-metal atoms with alkenés1® Using a fast-flow reactor and !N @n argon matrix were identified by isotopic substitution and

The C-H insertion reaction of ethylene by vaporized
transition-metal atoms has recently drawn broad attention.
Siegbahn, Blomberg, and Svensson theoretically investigated
the activation of the €H bond by second-row transition-metal
atoms!— Their study showed that early transition-metal atoms
first form a strongly bound complex with ethylene, which later

157-nm photoionization scheme, they identified—KH,", DFT calculations. Studies on reactions of the very high
along with M—C,H4*, and explained their results on the basis €Mperature metal hafnium with hydrocarbons are rare, and this
of the reaction mecﬁanism following the reaction path is probably the first attempt at oxidative addition of hafnium

atoms to the €H bonds of a hydrocarbon.
M -+ ethylene— w-complex— insertion product>
dihydrido complex—=M—C,H, + H, Experimental and Computational Methods

Initial formation of the weakly bound-complex is presumably Laser-ablated Hf atoms (JohnseMatthey) were reacted with
followed by transformation to a long-lived metallacyclopropane C2Ha. C2Da, *3CzH4 (Cambridge Isotope Laboratories, 99%),
complex!i-13 However, remaining parts of the reaction mech- and CHCD; (MSD Isotopes) in excess argon during condensa-
anism, particularly following the €H insertion, hydrogen  tion a7 K using a closed-cycle He refrigerator (Air Products

migration to the dihydrido complex, and the elimination of HC-2). The methods have been previously described in detail
hydrogen, still need to be examined. elsewher&3-26 Concentrations of the gas mixtures are typically

In a recent study, Lee et al. identified two—@l insertion 0.5% in argon. After reaction, infrared spectra were recorded

products from the reaction of ethylene and Ti atoms on the basisat & resolution of 0.5 crt using a Nicolet 550 spectrometer
of the differences in the relative increase in intensity upon With @ HgCdTe detector. Samples were later irradiated by a
electronic excitation of Ti with irradiation of visible light They ~ combination of optical filters and a mercury arc lamp (175 W)
assigned the two groups of absorption bands to the two oxidative@nd subsequently annealed.

reaction products, the insertion and a metallic cyclic dihydride =~ Complementary density functional theory (DFT) calculations
were carried out using th&aussian 98package’’ B3LYP

* Author for correspondence. E-mail: Isa@virginia.edu. density functional, 6-31tG(2d,p) basis sets for C and H, and
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Figure 1. IR spectra in the region of 1560700 cnt* for laser-ablated I C.H,
Hf atoms codeposited with AriEl, at 7 K. (a) Hf+ 0.5% GH,4 in Ar I I I
codeposited for 1 h, (b) after broad-band photolysis with a fites30 9 c.D 1
nm) for 15 min, (c) after broad-band photolysis with a filter290 &l A 274 AA }\ )\
nm) for 15 min, and (d) after annealing to 26 K. I, Il, or Il stands for g I
the group the product band belongs to. w indicates water impurity 2 m CHCD, 5 } I
absorptions. e 2222 NN

1240 1200 1160 , 1120

LanL2 pseudopotential and LanL2DZ basis set for Hf to provide Viavenumbers (om )

a consistent set of vibrational frequencies for the reaction Figylrf 2|- IR S%?Ct"z :_?ftfle regiogs of _1'[53?47_310 ?m 111_91t7—40

; ; F : cm - 1or laser-ablate atoms codeposited witn etnylene Isotopomers
pr%dl:rc]:ts. G?Omeg'es Weret fully relaxe?_ duréng.Opt'.TZ?tloni diluted in Ar at 7 K. The product absorptions are identified with 1, II,
and the optimized geometry was confirmed via vibrational ;" qepending on the absorption group.
analysis. Calculations with the keyword STABLE ensured that
the converged electronic state is the stable ground state. INTABLE 1: Frequencies of Observed Product Absorptions
calculation of the binding energy of a metal complex, the zero- gy GHa CoDa 13C,H, CH,CD,
point energy is included.

| 1578.71576.9 1131.6 1130.3 1578.31576.6 1578.3
1380.0 1378.0 1549.91548.0 1131.0

Il 1630.1, 1621.6 1163.9, 1156.4 1619.9,1621.4 1613.3

Results and Discussion

The spectral features in the Hf ethylene spectrum are 1597.5 1145.7 1597.3 1156.0, 1144.9
surprisingly similar to those in the Z+ ethylene spectrurf. éégﬁ-l 593‘,139'3 é$585-7 6100045
Shown in Figure 1 is the IR spectrum in the region of 1560 658.9 : 654.8
1700 cnr? fo'r Iaser'-al')Iated Hf atoms coqleposned Wlthlﬁgh‘@ " 19718 18575 19011 1670.2, 1856.1
at 7 K and its variation upon photolysis and annealing. New 1691.2 1211.3 1691.4 1680, 1652.6
product absorptions are observed at 1576.8, 1578.7, 1597.5, 1683, 1679 1205, 1202 1683, 1679 1645.8, 1204.6,
1621.6, 1630.1, 1679, 1683, and 1691.2 &mThe °C 1222
substitution leads to negligible shifts in frequencies of the 697 564 662%0
absorptions, whereas deuteration results in large shifts in the 5765 5748 551.4

frequencies, as shown in Figure 2, indicating that these
absorptions all arise from the HH stretching modes of the
reaction products. In earlier studies, the hydrogen stretching od.
absorptions of hafnium hydrides were observed in the same  The observed product bands in this study, parallel to the case
frequency regio%2 of Zr + ethylene, can be sorted into three groups on the basis
The hydrogen stretching absorptions all grow on visible of their behaviors upon photolysis and annealing and the results
irradiation @ > 530 nm), but the growth percentages are not of calculations, where each group arises from a different reaction
the same. While the split absorptions at 1576.8 and 1578.7 cm product. Group | absorptions grow on irradiation witkr 530
(marked with 1) and the absorptions at 1679, 1683, and 1691.2 nm; however, they remain almost the same in the following
cmt (marked with Ill) increase about 20%, the absorptions at photolysis withA > 290 nm and decrease on annealing. Group

a All frequencies are in crmt. Stronger absorptions in split band are

1597.5, 1621.6, and 1630.1 cin(marked with 11) grow about Il absorptions increase most on photolysis with light, not only
50%. Noticeable changes in the product absorptions are notlonger than 530 nm, but 296820 nm as well. They are the
observed on irradiation with other filterd = 460 nm,A > only group of absorptions that grow on annealing up to 26 K.

420 nm,A > 380 nm, andl > 320 nm); however, following The absorptions of group Il grow slightly on 29320 nm
irradiation withA > 290 nm, the absorptions at 1597.5, 1621.6, irradiation, as well ast > 530 nm, and they decrease on
and 1630.1 cm! (1) increase by 30%, and the absorptions at annealing. The observed frequencies of the product absorptions
1679, 1683, and 1691.2 crh(lll) grow another 15%, while of the Hf+ ethylene reaction are listed in three groups in Table
the absorptions at 1576.8 and 1578.7-¢it) remain the same. 1. The Hf-H stretching absorptions are the strongest, and
Group Il absorptions grow even further on annealing to 26 K, because of the heavy hafnium atom, the-Hfstretching modes
while groups | and Ill absorptions decrease. The spectral are effectively decoupled from other vibrational modes of the
variations on photolysis and annealing are also very similar to complexes. The hydrogen stretching absorption of group |
those in the Zr+ ethylene systernt® (Figures 1 and 2) indicates that this reaction product probably
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Figure 3. IR spectra in the region of 106500 cn? for laser-ablated

Hf atoms codeposited with ethylene isotopomers diluted in Ar at 7 K.
I, 1, or Il indicates the absorption group.

1500

contains a—HfH group, whereas the hydrogen stretching
absorptions of groups Il and Ill are 20 cor more apart,
suggesting that these reaction products hatH, or —HfH3
groups.

Several absorptions are assigned to group | as listed in Table

1. The split absorption at 1578.7 and 1576.8 ¢nthe lowest
Hf—H stretching frequency, is attributed to the mostly-Hf
stretching mode arising from two different sites in the matrix.
The H/D ratio (1578.7/1163.8 1.356) and negligible C-13
shift are in agreement with this mode description. Our calcula-
tions predict the mostly €C mode to be almost coincident,
but with 13C,H,4, the mostly G=C mode shifts to 1549.9 cm
and, with GDy, to 1380.0 cm?, having the same band contour.
Although the group | absorptions increase along with other
product absorptions on photolysis £ 530 nm), they weaken
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Figure 4. IR spectra in the region of 56aL000 cnt? for laser-ablated
Hf atoms codeposited with ethylene isotopomers diluted in Ar at 7 K.
I, 11, or Il indicates the absorption group.
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Figure 5. IR spectra in the &C stretching region. An arrow)

most on annealing, as shown in Figure 1, indicating that they indicates the product absorption.

originate from a less stable reaction product, which eventually

transforms thermally to more stable ones. meric acetylene is observed in this regféi? but the GD,
The increase of five group Il absorptions on both irradiation counterpart shifts to 1760 crh tracking GD; itself, which is

and annealing indicates that the absorptions probably arise fromfar below the present 1857.5 ¢ deuterium counterpart.

a more stable reaction product. The absorption at 1597:3 cm Acetylene produced in the reaction of ethylene with the metal

and the two absorptions at 1621.6 and 1630.1cane attributed

to the antisymmetric and symmetric stretching modes of an, HfH
subunit. Figure 3 compares IR spectra in the 200800 cn1?
region for Hf atoms codeposited with ethylene isotopomers
diluted in Ar at 7 K. The absorption at 1106.1 chexhibits
isotope shifts of —20.4 and —165.8 cm! by 13C and D
substitutions ¥C/*3C and H/D isotopic ratios of 1.019 and
1.176). Most likely, the band arises from a CCH bending mode.
Another band observed at 685 chin Figure 4 gives a small
13C isotope shift of-10 cnT?! but a sizable D isotope shift of
—151.4 cntl. The absorptions presumably originate from a
predominantly HfH valence angle bending mode.

Figure 5 shows a product absorption at 1971.8tin the
spectrum of HH- C,Hy4, and similar absorptions are also found
in the spectra of the isotopomers. The isotopic shifts¥h
and D substitutions are 70.7 and—114.3 cnt? (*2C/*3C and
H/D isotopic ratios of 1.037 and 1.062). On the basis of the
frequencies and the largéC isotopic shift, the bands most
probably arise from the £C stretching mode of a reaction
product. Two counterparts are found with &HD,, at 1970.2
and 1856.1 cmt, just 1.6 and 1.4 crt below the CHCH,
and CDCD; values. The &C stretching absorption of poly-

atoms can also forma-complex with the metal atom; however,

a considerably lower €C stretching frequency, due to the
weakened &C bond, and a much weaker absorption are
expected for the complex. The observed relatively strong
absorption indicates that the=C triple bond is highly polarized

by a substituent. Therefore, the absorptions probably arise from
an ethynyl group bonded to a metal atom along the axis of the
C=C bond.

The strong HfH stretching absorptions of group Il are
observed at 1691.2, 1683, and 1679 énwith the latter two
features overlapped (Figure 1). Like many other metal hydrides,
the hydrogen stretching frequency of hafnium hydrides generally
increases with the number of HH valence bonds, and the
Hf—H stretching band of Hflis observed at 1683.2 crh21.22
The Hf—H stretching frequencies of group Ill, much higher than
those of groups | and Il, suggest that the reaction product
responsible to group Il probably is a trihnydride<H insertion
complex, which, therefore, possesseskfH; group with the
Hf atom bonded to an ethynyl group. The most probable
energetically favorable product that fits the characteristics of
the G=C and Hf-H stretching absorptions is ethynyl hafnium
trihydride (H—C=C—Hf—Hj3).
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TABLE 2: Calculated Vibrational Characteristics of the
Hafnium Metallacyclopropane Complex

C2H4 C2D4 13CzH4 CHzCDz

description freq. int. freq. int. freq. int. freq. int
v1 A1 CHg str. 3063.8 1 2230.1 2 3057.7 O 30603 3
v A1 C=C str. 1419.2 1 11231 10 14123 O 1100.6 13
v3 A1 CH; scis. 1031.8 28 8845 8 10041 28 9455 11
v4 A1 CHz rock 8351 4 6388 10 8269 3 7051 7
vs A1 HfC; str. 4497 8 4255 6 4357 8 4270 8
v Ao CHy str. 31152 0 23148 0 3103.2 0 23191 O
v7 A2 CH; rock 11824 0 9204 O 11715 0 10798 O
vg A2 CHa twist 3646 0 2658 0 3630 0 2905 O
v9 B1 CHy str. 31327 2 23232 1 31207 2 31240 1
110 B1 CH; rock 7368 1 5267 1 7361 1 6060 1
vi1BiHfCHbend 4785 0 3522 0 4768 0 4389 0
v12 B2 CHy str. 3056.7 6 22124 2 30514 6 2221.3 2
113 B2 CH; scis. 14039 2 10329 3 13994 2 14116 1
v14 B2 CH, wag 936.7 3 7949 0 9220 3 8924 2

v15 B2 HIC, str. 4979 18 429.4 15 4847 17 470.0 15

aFrequencies (freq., unscaled) and intensities (int.) are irt amd
km/mol, respectively. Calculated at B3LYP/6-34G(2d,p)/LANL2DZ
level.

Cho and Andrews

similarity to the vibrational characteristics in the Zrethlylene
spectrunmt® and calculated frequencies for anticipated products
(Tables 2-5). The observed hydrogen stretching frequency for
group | (1578.7 cm?) is more than 40 cmt lower than that of
hafnium dihydride (1622.4 cm).2 Group | is attributed to the
monohydrido C-H insertion complex (H-Hf—CHCH,), and

the assigned absorptions are listed in Table 3. Other than the
Hf—H(D) stretch, which has also been observed fab£and
C.H.D; reaction products, the absorptions are computed to be
very weak. However, the mostly =€C stretching mode is
observed for H-Hf—13C,H; and D—Hf—C,Ds3, although this
mode is coincident and masked by the-Hf mode for H-
Hf—C,Ha.

On the other hand, the largest growth in intensity of group Il
absorptions on photolysis and annealing suggests that these
absorptions originate from the most stable intermediate. Fur-
thermore, the hydrogen stretching absorptions of group Il are
also observed in the hydrogen stretching region for hafnium
dihydride. Group Il absorptions are therefore assigned to the
dihydrido C—-H insertion complex (H—Hf—CyH,), which is

Assignments are made on the basis of the vibrational the most stable reaction intermediate for the g stoichi-
characteristics, behaviors on photolysis and annealing, theometry (Table 6). Many group Il absorptions are quite strong,

TABLE 3: Observed and Calculated Fundamental Frequencies of the Monohydrido &H Insertion Complex of Hafnium and

Ethylene Isotopomers$

. CH,CD,
approximate
mode CoH, C.Dy 1B8CyH, H—Hf—CH CD, D—Hf—CDCH,

description exptl caled int. exptl caled int. exptl calcd int. exptl caled int. exptl calcd int.
vy A’ CH str. 3176 2 2354 0 3166 2 3175 2 2347 1
v, A" CH; str. 3128 8 2307 3 3118 8 2313 2 3130 8
v3 A’ CH, str. 2868 35 2098 22 2860 35 2099 20 2868 36
v4 A" HfH strP 1579 1621 251 1132 1147 214 1578 1618 402 1578 1618 417 1131 1149 161
vs A’ C=C strP 1614 176 1380 1435 14 1550 1600 26 1447 23 1615 9
v A’ CH, scisP c 1386 43 c 1095 20 c 1346 40 1095 27 1373 38
v7 A" CH; scis. 1223 17 1012 8 1205 18 1154 14 1139 60
vg A" CH, rock 897 13 650 8 895 13 777 9 734 8
vg A" CHf str. 589 18 518 10 575 18 551 18 537 10
v10 A’ CHfH IP bend 379 28 291 8 375 28 377 28 298 6
v11 A" CCHf IP bend 251 28 217 26 245 26 230 23 233 30
v12 A" CH;, twist 988 7 757 1 982 7 924 16 888 7
r13A" CH, wag 862 29 668 19 854 28 691 15 795 19
v14A" CCHf OOP bend 419 21 308 11 418 21 343 19 374 15
v15 A" CHfH OOP bend 175 5 129 2 174 5 161 4 136 2

aFrequencies and intensities are indnand km/mol, respectively. Intensities are all calculated values. Calculated at B3LYP#6582d,p)/
LANL2DZ level. ® Mixed modes¢ Possible absorption masked by acetylene product absorptions.

TABLE 4: Observed and Calculated Fundamental Frequencies of the Dihydrido Complexes of Hafnium and Ethylene

Isotopomerg
HfH,—C,H> HfD,—C,D; HfH,—C,H, HfHD—-C,HD

description exptl calcd int. exptl calcd int. exptl calcd int. exptl calcd int.
v1 A’ CH str. (s) 3159 4 2353 0 3147 5 2336 2
v, A’ CH str. (a) 3129 8 2304 2 3120 9 3135 7
v3 A’ HfH; s. str. 1630 1653 308 1164 1169 160 1630 1652 310 1613 1629 401
v A" CC str. 1414 8 1372 1 1362 7 1392 5
vs A' CCH IP a. bend 1106 1134 64 940 957 23 1086 1117 66 1045 1074 50
s A" CCH IP s. bend 855 7 613 2 854 7 722 12
v7 A" HfH; scis. 685 687 153 534 578 80 675 683 148 600 627 122
vg A" HfC; a. str. 616 78 538 71 599 74 556 69
vg A" HfC; s. str. 550 4 448 16 535 6 530 2
v10 A" HfH, wag 187 315 134 161 187 315 154 205
v11 A" HfH; a. str. 1598 1605 517 1146 1142 264 1597 1606 517 1156 1156 223
v12 A" CCH a.0O0P 976 0 772 0 967 0 901 10
v13A" CCH s.00P 659 662 70 504 39 655 658 69 555 44
v14 A" HfH; rock 386 1 279 2 385 1 309 5
v15 A" HfH, twist 356 12 272 4 353 13 326 38

a2 Frequencies (unscaled) and intensities are in*camd km/mol, respectively. Intensities are all calculated values. Calculation at B3LYP/6-

311+G(2d,p)/LANL2DZ level.
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TABLE 5: Observed and Calculated Fundamental Frequencies of the Trihydrido C-H Insertion Complex of Hafnium and

Ethylene (Ethynyl Hafnium Trihydride) 2

CH.CD,
Hs—Hf—CCH Dy—Hf—CCD Hy—Hf—13C1*CH H.D—Hf-CCD HD,—Hf—CCH
description exptl  calcd int. exptl  calcd int. exptl  calcd int. exptl  calcd int. exptl  calcd int.

v1 A; C—H str. 3432 29 2655 0 3414 32 2655 0 3432 29

v2 A1 CC str. 1972 2067 145 1858 1933 161 1901 2000 128 1856 1933 149 1970 2067 151

v3 A; HfH3 s. str. 1691 1768 237 1211 1252 117 1691 1768 240 1680 1750 306 1653 1732 365

vq Ap HfH3 s. def. 577 606 256 463 184 575 605 251 551 208 551 563 111

vs A; C—Hf str. 426 32 389 2 413 32 417 29 411 10

ve E HfHz a. str. 1683 1714 899 1205 1217 461 1683 1714 899 1646 1714 444 1222 1240 163

1205 1229 207 1218 237

v; E CCH bend 697 717 75 564 570 29 690 709 76 570 10 717 37
568 2 717 37

vg E HfHz a. def. 658 102 467 44 624 658 104 645 93 573 60
580 26 468 117

vg E HfH3 rock 387 155 297 104 385 150 361 79 319 61
322 48 312 49

v10 E CCHf bend 167 7 146 3 163 7 155 3 162 2
150 2 156 2

aFrequencies (unscaled) and intensities are in‘camd km/mol, respectively. Intensities are all calculated values. Calculation at B3LYP/6-

311+G(2d,p)/LANL2DZ level.

TABLE 6: Geometrical Parameters and Physical Constants
of the Mono-, Di-, Trihydrido C —H Insertion Products in
Reaction of Ethylene with Laser-Ablated Hf Atoms

parameters HfCyH; H—Hf—CHCH, H,—Hf-C;H, Hz;—Hf—CCH
r(C—-C) 1.495 1.346 1.348 1.215
r(C—H) 1.089 1.084,1.087, 1.085,1.087 1.066
1.110
r(C—Hf) 2.152 2.119, 2.519 2.077,2.103 2.152
r(Hf—H) 1.862 1.862 1.824
OCCH 117.8 120.4,122.2, 127.3,130.1 180.0
127.4
OHCH 111.5 110.4
JCHfC 40.7 32.3 37.6 0.0
OCHfH 128.9 108.5,118.9 110.8
OHHfH 120.6 108.1
OHCHf 149.2 157.7,162.6 110.8
O(HCCHf) 110.8 0.0 180.0
O(HCHfH) 0.0 66.4, 97.0
®(HCCH) 138.5 180.0 0.0
O(CCHfH) 180.0 83.0, 113.6
mol. symm. Cy, Cs Cs Csy
g(C)ee -0.38 -0.76,0.18 —0.39,-0.34 —-0.83,-0.31
g(H)be 0.11 —0.20,0.08, —0.23,—-0.23, —0.25,—-0.25,
0.08, 0.10 0.07,0.08 —0.25,0.16
q(Hf)P 0.32 0.53 1.05 1.71
ud 1.19 2.36 1.94 1.43
1AE® 49.35 tA;) 35.06 LA) 64.64 (A") 60.25 {A;)
SAE® 32.39 £B1) 40.69 EA") 27.02 £A) f

aBond lengths and angles are in A and deg. Calculated at B3LYP/
6-311+G(2d,p)/LANL2DZ level. Mulliken atomic charge¢ Numbers
are in the order from the closest one to the metal atom to the farthest.
4 Molecular dipole moment in £ Binding energies in kcal/mol in the
singlet and triplet ground electronic statéAttempt to find an
optimized geometry converged to the triplet dihydrido complex.

and the observed characteristics of group Il absorptions sum-

marized in Table 4 show very good agreement with the
calculated values. The five calculated frequencies are D8%

similar potential energy surface along the reaction coordinates
to that of the Zr+ ethylene reaction, because the mono- and
dihydrido C—H insertion complexes are also produced in the
reaction of ethylene with laser-ablated Zr atothss also
predicted in theoretical investigatiots.

Group Il is attributed to the trihydrido €H insertion
complex (B—Hf—CCH, ethynyl hafnium trihydride). The
absorptions in the £C stretching region at 1972 crh and
the strong symmetric HfH stretching absorptions at 1691 thn
and antisymmetric (degenerate)Hfl stretching mode split at
1683 and 1679 cni suggest that an acetylene group is bonded
to a metal atom along the=€C bond axis, while three hydrogen
atoms are bonded to the metal atom as described already. The
observed vibrational characteristics of group Ill are compared
with the calculated values in Table 5, showing satisfactory
agreements between the observed and calculated values. The
calculated frequencies are +:B.0% higher than observed for
this challenging subject molecule. This also includes the
anticipated red argon matrix shift. Considerable effort was
undertaken to find other states and structures to improve the
frequency fit, but none were found. However, it is worthwhile
to point out that the energy of the singlet trihydrido complex is
comparable to that of the dihydrido complex as shown in Table
6. Further attempts to optimize the geometry of the trihydrido
complex in the lowest triplet state end up with the structure of
the dihydrido complex in a higher-energy triplet state. The two
complexes are probably easily interconvertible in the lowest
triplet state during the reaction of ethylene and hafnium atoms,
and it is also notable that the reaction of ethylene with the
vaporized Hf atom 3F,) most probably starts on the triplet
potential surface.

Calculations have been carried out at the B3LYP/6-8G1
(2d,p)/LANL2DZ level for the metallacyclopropane (HE,H.),

higher than observed values, which is comparable to previousthe mono-, di-, and trihydrido €H insertion products (H

B3LYP calculaions for first-row transition-metal inorganic
molecules®

The mono- and dihydrido €H insertion complexes (H
Hf—CHCH, and Bh—Hf—C;H,) are, in fact, reaction intermedi-
ates presumed in reaction dynamics studies of hydrogen
elimination of ethylene by vaporized early second-row transi-
tion-metal atom3!12 This strongly suggests that hydrogen
elimination also readily occurs by early third-row transition-
metal atoms. The Hft- ethylene reaction most likely has a

Hf—CHCH,, H,—Hf—C,H,, and H—Hf—CCH), and other
related compounds. The geometrical parameters and molecular
constants of the metallacyclopropane and the threeHC
insertion products are summarized in Table 6, and the optimized
molecular structures and ground states are shown in Figure 6.
The calculated frequencies for possible product molecules are
listed along with the experimental values in Tables52

The calculations show that a singlet sta#®&,] is the ground
state for the metallacyclopropane complex, while a triplet state
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HfH,-C,H, (A" HfH;-CCH (1A))

Figure 6. The optimized molecular structures (B3LYP/6-31G(2d,p)/LANL2DZ) of the reaction intermediates in their ground electronic states.
The bond lengths and angles are in A and deg, respectively, and the electronic states are shown in parentheses.

(8A"") is lowest for the monohydrido €H insertion complex. Previous reaction dynamics studies assume that the detachment
The monohydride is fully relaxed with no symmetry: When of hydrogen occurs from the dihydrido complex in the hydrogen
constricted to planar, the energy and frequencies are essentiallyelimination reactiorf~13
unchanged but some intensities are altered. On the other hand, The measured metahydrogen stretching frequencies and the
singlet ground states are favored for compounds with more Hf M—H and C-M bond lengths of the €H insertion complexes
bonds, and singlet ground states are found for the di- and of ethylene with Ti, Zr, and Hf atoms in the ground electronic
trihnydrido complexes. It is generally accepted that, along the states are listed in Table 7. The hydrogen stretching frequencies
reaction path of hydrogen elimination by second-row transition- of Hf complexes are much higher than those of Zr complexes,
metal atoms, the energy barrier to CH activation for formation and also higher than those of the Ti complexes. Moreover, the
of the monohydrido €H insertion complex is the highest one, Hf—H and C-Hf bond lengths are shorter than the-# and
and no barriers lie above the reactant asymptote all the way toC—Zr bond lengths, respectively. The higher stretching frequen-
H, eleminationt! cies and shorter bond lengths of the-BfHy insertion com-

The insertion complex has a planar structure at its triplet plexes are attributed to the larger relativistic bond-length
ground state. Although the length of theHE bond is slightly contraction for Hf as predicted by Pyykko etl&f1°
shorter than those of metallacyclopropane complex, the length  As in the reaction of ethylene with laser-ablated zirconium
of the C—C bond (1.34 A) is close to that of a=€C double atoms!® acetylene is produced in large extent. We estimate that
bond. The E-H insertion from the metallacyclopropane also 20% of ethylene is converted to acetylene on the basis of the
leads to a large increase in infrared absorption. Particularly, theintensities of the hydrogen stretching absorptions of acetylene
Hf—H stretching absorptions of the insertion products are and ethylene in the region of 2868400 cnt?. Although much
dramatically stronger than those of the metallacyclopropane, asof the acetylene is probably generated by vacuum UV light
shown in Tables 25. emitted from the target plume during laser ablation, the presence

The dihydrido C-H insertion complex has @&s structure in of the reaction intermediates of the hydrogen elimination of
its singlet ground state as illustrated in Figure 6. The-Hf ethylene suggests that part of the acetylene originates from the
and C-C bond lengths are similar to those ofHHif—C,H3 hydrogen elimination of ethylene by the metal atom reactions.
insertion complex. Calculations indicate that the dihydrido  Like previous matrix isolation studies on the reaction of
complex is the most stable among the+téthylene complexes  ethylene with transition-metal ator1531no absorption from
considered here, which is consistent with the stability of the the Hf metallacyclopropane complex has been identified,
dihydrido complex observed on annealing and photolysis. probably because the vibrational bands are mostly very weak



Hydrido C—H Insertion Complexes

TABLE 7: M —H Stretching Frequencies and Bond Lengths
of Mono-, Di-, and Trihydrido C —H Insertion Complexes
(H_M —CHCHz, HZ_M_Csz, and H3_M_CCH) in the
Ground Electronic States

H—M-CHCH, Ho—M—CzH, Ha—M—CCH description

Tib 15000  1610.5, 1585.0c Ti—H str.

1080.4  1157.5,1151.% Ti-D str.

1.763 1.708 c r(Ti—H)

2.038 1.947,1.976 ¢ r(C—Ti)

zr\ 15198  1567.3,1536.9 1638.6, 1628.8, 1620.8—Histr.
1094.6  1120.1,1114.6 1177.7,1171.0,1164.8 Zr-Dstr.

1.879 1.869 1.838 r(Zr—H)

2.161 2.103,2.133  2.176 r(C—zr)

Hf 1578.7  1630.1,1597.5 1691.2, 1683, 1679  —Hfstr.
1131.6  1163.9,1145.7 1211.3,1205,1202  Hf-Dstr.

1.862 1.862 1.824 r(Hf—H)

2.119 2.077,2.103  2.152 r(C—Hf)

aFrequencies are all measured values immwhereas bond lengths
are calculated values in & Ref 14. Experiments performed with laser-
ablated Ti and @H, produce the same major products; ref 30.
¢ Trihydrido C—H insertion complexes are not identified; refs 14, 30.
dRef 15.

as shown in Table 2. As a result, conversion from a possible
metallacyclopropane complex to the mono-, di-, and trihydrido
insertion products should increase the intensities of the corre-
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Conclusions
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