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An Infrared Spectroscopic and Theoretical Study of Group 4
Transition Metal CH ,=MCI , and HC—-MCI ; Complexes
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Receied September 13, 2006

Laser-ablated group 4 transition metal atoms react withh@IHand CHC} to yield the singlet
CH,=MCI; and triplet HG-MCI; complexes, respectively. These products are identified by infrared
spectra, isotopic substitution of the reactant precursors, and comparison to density functional theoretically
predicted vibrational modes for the lowest energy structures. The computeeNBEl, methylidene
structures show no evidence of agostic distortion, in contrast to the previously investigatete&ig|
complexes. In the triplet HEMCI; complexes, the two unpaired electrons on carbon interact with the
transition metal center and contribute weakbonding. Comparisons with the analogous fluorinated

complexes are given.

1. Introduction

Metal—carbon bonds are fundamentally important, and the
entire organometallic subset of chemistry is devoted to them.
Double-bonded alkylidene complexes in particular are of
considerable interest for their roles in catalysis, and early

transition metal alkylidenes have been proposed as reaction

intermediated-3 Carbon-halogen bond activation is also of
considerable interest as a possible means of remediation fo
chlorofluorocarbon$:”

Recently our group has investigated the reactions of group 4
transition metals with Ciland CHX molecules® 16 In these
studies, the primary reaction products are double-bonded
methylidene complexes, which show considerable agostic
interactions between the metal center and the bonde#i C
electrons. Methylene fluoride reacted with titanium to form the
CH,=TiF, methylidene compleX’ However, in this instance
no agostic distortion was observed. Fluorine lone pair repulsions
were suggested to prevent this novel interaction. Recently,

theoretical calculations have predicted that agostic bonds have,
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strengths similar to weak hydrogen boAéi addition, titanium
reacted with fluoroform to produce the analogous GHR;
methylidene, which exhibited no distortion, but zirconium and
hafnium formed the more stable triplet H®MF3; complexes?

In these novel complexes the two unpaired electrons on carbon
are shared with the electron-deficient metal center to give
additionalsr bonding. We now report on the reaction products
formed between group 4 transition metals and the chlorinated
analogues (CkCl, and CHC}) for comparison.

The goals of this study are as follows. In the reactions with
dichloromethane, we wish to investigate whether,€EMICI,
methylidenes form similarly to the fluorine analogues, or if
chlorine substitution alters the reaction pathway. TheGC
bonds are easier to break than-E bonds, but the bulkier
chlorine atoms are also slower to transfer, and H transfer might
compete. Recall that H transfer produced the,€HHCI
complex from the TiH+ CHsCl reactiont® If the CH,=MCl,
complexes are formed, will the complex be symmetrical like
CH,=TiF, or distorted like CH=TIHCI? As the group 4
transition metals gave different products in the reaction with
CHFs;, we now wish to investigate how the chlorine analogues
alter this reaction pathway and to compare the resulting products
with those formed in fluoroform reactions.

2. Experimental and Theoretical Methods

Our experimental methods have been described in detail else-
where?0-21n brief, laser-ablated transition metal atoms, generated
by a Nd:YAG laser (1064 nm), were co-deposited with reagent
gas diluted in argon (0-41.0%) onto a Csl window cooled to 8 K
for the duration of 1 h. Infrared spectra were collected at 0.5'cm
resolution in the 40864000 cn1?! region on the matrix-isolated
reaction products by a Nicolet Magna 550 spectrometer with a
HgCdTe type B detector at 77 K. Matrixes were subjected to UV
irradiation for 10 min periods using a medium-pressure mercury
arc lamp (Philips, 175 W) with the globe removedX 220 nm)
and annealings to various temperatures. Infrared spectra were
collected after each procedure.
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Figure 1. Infrared spectra taken in the 69@60 cnt? region after
(a) laser-ablated titanium atoms were reacted with@Ar, and
the resulting matrix was subjected to (b) irradiation with 290
nm, (c) irradiation withA > 220 nm, and (d) annealing to 30 K.
Arrows denote product absorptions.

Unless otherwise noted, all theoretical calculations were com-
puted using the Gaussian '98 packdg§elhe B3LYP hybrid
functionaf® was used with the 6-311+G(2d,p) basis for all atoms

except the transition metal, where the SDD pseudopotential was
employed?*25These calculations will enable comparisons with other !

methylidene complexés® Vibrational frequencies were computed
analytically, and all energy values reported include zero-point
vibrational corrections. As a calibration, our calculation for the
stable molecule TiGlgave a tetrahedral structure with a strong IR
mode at 499.7 cnit, which compares favorably with the argon
matrix absorptioff2at 502.6 cm?'. Our DFT calculation predicts
TiCl, to be more stable than Ti and two,®ly 285 kcal/mol, which
may be compared to the gas phase thermodynamic value a£295
2 kcal/mol?®

3. Results and Discussion

Reactions between group 4 transition metals and@}or
CHCI; will be investigated, and product infrared spectra and
DFT calculations will be reported in turn.

3.1. Ti + CH.Cl,. When laser-ablated titanium atoms react

Organometallics, Vol. 26, No. 2, 20@83
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Figure 2. IR spectra taken in the 710450 cnt? region taken after

700 500

laser-ablated titanium atoms were reacted with (a)Cl (b)

13CH,Cl,, and (c) CRCI, diluted in argon. All spectra were recorded

after full-arc photolysis A > 220 nm). Arrows denote product
absorptions.

in all figures.) Hence the three observed bands can be assigned

to a single reaction product. The strongest absorption, at 504.3

cm~1, remains nearly unchanged oiC and D isotopic
substitution (0.5 and 1.9 cr shifts, respectively). This is also
only slightly higher than the 502.6 cthTi—Cl stretching mode
in TiCls.2%2 Hence, the observed product absorption can be
assigned to a FiCl stretching frequency. The next highest peak,
at 675.0 cm?, shows a modest 5.3 crhcarbon-13 shift and a
large 134.5 cm! deuterium isotopic shift (frequency ratio 1.249)
(Figure 2). These values are similar to those for the observed
CH, wagging motion of the Ck=TiF, complex (695.4 cml;
6.0 and 138.6 cmt 13C and D shifts, respectively}. The last
observed vibration at 679.7 crhshows the largest carbon-13
shift (20.1 cnT!) and a modest deuterium shift (71.9 tiy
and it can be assigned to a mostly=Ti stretching mode. A
final fourth absorption was observed at 978.9énonly in
experiments when CIZI, was employed.

The three identified product modes (CI stretch, CH wag,
and C=Ti stretch) lead to identification of the stable
CH,=TiCl; complex with confidence. Our computed frequen-

with methylene chloride, new product absorptions are observedcies for this complex compare favorably with the observed

at 503.0 with matrix site splitting at 505.5, 675.0, and 679.7
cm~L All three absorptions increase in unison on all photolysis,

spectrum (Table 1). Typically DFT-computed frequencies are
a few percent higher than observed valle$:25¢ The fourth

remain nearly unchanged on annealing (Figure 1), and maintainstrongest mode predicted for the &+TiCl, complex (Ti~Cl

constant relative intensity in experiments with different precursor

symmetric stretch; 374.7 crh) is below our spectral limits. The

concentrations. (Arrows are used to denote product absorptionsCH, bending mode was computed to be nearly twice as intense
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for the deuterated isotopomer at 1033.1 énand is in
satisfactory agreement with the fourth peak observed at 978.9
cm~ ! when CQCl, was employed. This gain in intensity is due
to increased coupling with the=€Ti stretching mode.

Singlet methylidene CH=TICl, is predicted to be 127
kcal/mol more stable than the sum of the individual methylene
chloride and titanium atom reactants and 29 kcal/mol more
stable than the triplet Ci-CI) TiCl primary insertion product.
Another possible singlet methylidene complex, CHTIHCI,
is 62 kcal/mol higher in energy than GHTICl,, and the
computed vibrational spectrum is vastly different (including a
strong Ti-H stretching mode near 1700 cf which is not
observed). Althougho-H transfer may be faster tham-Cl
transfer, the latter is much more favorable energetically. The
CH,=TIiCl, complex has been studied theoretically over the last
two decaded’3" however, this is the first experimental
observation to our knowledge.
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Table 1. Observed and Calculated Fundamental Frequencies of GHTICl ;2

approximate CHy=TiCl> 13CH2=TiC|2 CD,=TiCl,
mode (symmetry) obs calc (int) obs calc (int) obs calc (int)
HCTICl dist (&) 54.5 (27) 54.2 (27) 52.9 (26)
CITiCl bend (&) 108.4 (3) 108.1 (3) 107.7 (3)
CTiCl bend (4) 171.2 (2) 168.8 (2) 141.2 (0)
CHz rock (d") 273.7(7) 270.7 (6) 232.6 (6)
Ti—Cl stretch (§ 374.7 (32) 374.1(32) 373.2(31)
CHa twist (d") 443.6 (0) 443.6 (0) 314.7 (0)
Ti—Cl stretch (&) 503.0 523.4 (175) 502.5 522.4 (176) 501.1 518.4 (177)
CH, wag (d) 675.0 725.3 (122) 669.7 718.5 (118) 540.5 572.9 (89)
C=Ti stretch (&) 679.7 735.0 (41 659.6 718.9 (43) 607.8 654.2 (28)
CH; bend (8 1308.0 (18) 1298.2 (16) 978.9 1033.1 (28)
CH stretch (9 3056.5 (2) 3051.0 (2) 2215.9 (4)
CH stretch (d) 3151.8 (2) 3139.6 (2) 2339.0 (1)

aB3LYP//6-31H-+G(2d,p)/SDD level of theory. All frequencies are in thand computed infrared intensities are in km/nfMode symmetries fo€s
molecule.°B3LYP/6-311++G(3df,3pd) calculated frequencies (intensities) are 517.8 (171), 730.9 (112), and 725.448)n respectively.
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Figure 3. Infrared spectra taken in the 76@00 cnt? region after
(a) laser-ablated zirconium atoms were reacted with@}#Ar,
and the resulting matrix was subjected to (b) irradiation with
A > 290 nm, (c) irradiation witih > 220 nm, and (d) annealing to
30 K.
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3.2. Zr + CHuCly. Zirconium atoms react with dichlo-
romethane to form a single reaction product with infrared
absorptions at 412.7 and 685.1 chiThese absorptions increase
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Figure 4. IR spectra taken in the 76@100 cnt! region taken after
laser-ablated zirconium atoms were reacted with (Y@l (b)
13CH,CI,, and (c) CRCI, diluted in argon. All spectra were recorded
after full-arc photolysisA > 220 nm).

in Table 2. Again, the DFT-computed frequencies are slightly
higher than observed values, and the ;Gkag, which has
considerable anharmonicity based on the H/D frequency ratio,

slightly on photolysis and remain nearly unchanged on annealingis predicted least accurately by the harmonic frequency calcula-

(Figure 3). The 685.1 cnt absorption shows a modest 5.8 ¢m
13C isotopic shift and a large 139.0 cfndeuterium isotopic
shift, as shown from comparison of spectra using GHClI
13CHCIs, and CDC} in Figure 4. This peak is only 10.1 crh
higher than the Ckiwagging mode of the Cj#=TiCl, complex,
and it has a comparable 1.255 H/D isotopic frequency ratio.
The vibration at 412.7 cnit is just above our spectral limit. It

tion. Notice that the CPscissoring mode, which was observed
only when titanium was reacted with GOl,, was not observed
for the zirconium analogue, as it is predicted to fall underneath
the precursor absorption. Finally, GHZrCl, is computed to
be 163 kcal/mol lower in energy than the sum of the zirconium
atom and methylene chloride precursors.

3.3. Hf + CHJCIl,. Dichloromethane reacts with hafnium

shows almost no carbon and hydrogen isotopic dependency (0.1atoms to yield a single product with one strong infrared

and 1.5 cm? 13C and D shifts, respectively) and can be assigned
to a Zr—Cl stretching mode. This absorption is only slightly
below that observed for Zrg#8

The identification of these modes (Z€I stretch and Chl
wag) indicate the observed product is £+ZrCl,. A comparison
of our observed and theoretically predicted vibrations is given
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(33) RappeA. K. Organometallics1987, 6, 354.

(34) Cundari, T. R.; Gordon, M. S. Am. Chem. S0d.992 114, 539.
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I. V. Opt. Spectroscl959 7, 172.

absorption at 677.6 cm. This absorption shifts 6.0 cr on
13C isotopic substitution and shows a large 131.37&m
deuterium isotopic shift (H/D frequency ratio 1.240), which are
characteristic of a CHwagging mode.

The observed absorption matches that predicted for the
strongest absorption of the GHHfCIl, complex (Table 3). As
in the case with zirconium, the anharmonic £kagging mode
is predicted about 10% too high, but the isotopic shifts are
predicted extremely well for this complex. The two HZl
stretching modes are expected to fall below our spectral limits
(B3LYP predicts them at 349.1 and 395.9 @n Hence we
assign the observed band to the £HHfCl, methylidene. This
complex is computed to be 157 kcal/mol lower in energy than
the sum of the two individual reactants.

3.4. Ti+ CHCIs. The reaction between laser-ablated titanium
atoms and CHGlyielded a single product with two infrared
absorptions at 498.3 and 700.4 ch(Figure 5). The lower
absorption at 498.3 cm showed 0.3 and 2.0 cr shifts upon
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Table 2. Observed and Calculated Fundamental Frequencies of GHZrCl ,2

approximate CHy=2rCl, 13CH=ZrCl, CDy=ZrCl,
mode (symmetry) obs calc (int) obs calc (int) obs calc (int)
HCZrCl dist (&) 30.8 (30) 30.6 (29) 30.0 (28)
ClZrCl bend (8 92.7 (3) 92.5(3) 92.1(3)
CZrCl bend (&) 126.7 (0) 125.6 (0) 99.0 (0)
CHz rock (&) 249.8 (4) 245.6 (3) 224.0 (2)
Zr—Cl stretch (§ 348.6 (29) 348.4 (29) 348.3 (29)
Zr—Cl stretch (&) 412.7 426.4 (147) 412.6 425.3 (147) 411.2 421.7 (147)
CHy twist (d') 470.0 (0) 470.0 (0) 333.1(0)
C=Zr stretch (9 703.7 (59) 685.1 (58) 632.0 (44)
CH; wag (8) 685.1 745.4 (132) 679.3 738.6 (128) 546.1 585.9 (97)
CH, bend (8§ 1318.6 (15) 1310.1 (13) c 1023.5 (29)
CH stretch (§ 3044.7 (0) 3039.0 (0) 2209.5 (3)
CH stretch (&) 3127.2 (5) 3115.4 (5) 2318.4 (2)

aB3LYP//6-31H-+G(2d,p)/SDD level of theory. All frequencies are in thand computed infrared intensities are in km/nfMode symmetries fo€s
molecule.Peak hidden behind precursor absorptions.

Table 3. Observed and Calculated Fundamental Frequencies of GHHfCI ,2

approximate CH2=HfC|2 laCH2=HfC|2 CD2=HfC|2
mode (symmetry) obs calc (int) obs calc (int) obs calc (int)
HCHfCI dist (&) 43.2 (20) 42.7 (20) 41.3(19)
CIHfCl bend (&) 91.2 (3) 90.8 (3) 90.0 (3)
CHfCl bend (&) 138.5(0) 136.8 (0) 111.3(0)
CHz rock (d") 281.1(7) 277.5 (6) 247.2 (2)
Hf—Cl stretch (8§ 349.1 (25) 349.1 (25) 349.0 (25)
Hf—Cl stretch (&) 395.9 (105) 394.2 (105) 386.1 (108)
CHa twist (d") 462.3 (0) 462.3 (0) 328.5 (0)
C=Hf stretch (8 699.2 (45) 678.7 (44) 630.1 (33)
CH;, wag (8) 677.6 747.1 (103) 671.6 740.3 (99) 546.3 587.8 (77)
CH, bend (8 1323.2 (12) 1315.5 (10) c 1018.6 (23)
CH stretch (9 3053.2 (0) 3047.4 (0) 2216.3 (2)
CH stretch (4) 3130.1 (5) 3118.3 (5) 2320.0 (1)

aB3LYP//6-31H-+G(2d,p)/SDD level of theory. All frequencies are in thand computed infrared intensities are in km/nmfMode symmetries foCs
molecule.®Peak hidden behind precursor absorptions.
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Figure 6. IR spectra taken in the 720180 cnt! region taken after
laser-ablated titanium atoms were reacted with (a) GH(@)
13CHCIs, and (e) CDd diluted in argon, and (b, d, and f) after
the resulting matrixes were subjected to full-arc photolysis(
220 nm).

Wavenumbers (cm”)

Figure 5. Infrared spectra taken in the 72@70 cnt? region after
(a) laser-ablated titanium atoms were reacted with GH€| and
the resulting matrix was subjected to (b) irradiation with 290
nm, (c) irradiation withA > 220 nm, (d) annealing to 30 K, and
(e) a second irradiation with > 220 nm.

the individual reactant¥. When titanium was reacted with
CHFR;, the CHE=TIF, complex was the lone observed prodtict.
CH,=TiCl.. The second absorption at 700.4 ¢nshifted 18.3 However, for the CHGETICl, complex, three strong infrared
cm-! on carbon-13 substitution and 17.5 thon deuterium  absorptions are predicted at 487.7 (147 km/mol), 532.6 (96
substitution (Figure 6) and must be assigned to a mostly km/mol), and 624.2 crt (77 km/mol, G-H wagging mode),
carbon-titanium stretching mod&. Finally, the shoulder ab-  which does not match the observed spectrum. Next we computed
sorption near 503 cnt is probably due to TiGl*® the singlet HG-TiCls complex, which converged to a bridge-
Computations on the possible singlet CHTICI, complex bonded HCg-CI)TiCl, complex that is about 1 kcal/mol higher
led to a product 134 kcal/mol lower in energy than the sum of

13C and D isotopic substitution, respectively, indicating a
Ti—Cl stretching mode, which is 4.7 crhbelow this mode for

(40) Optimized CHGETICI, structure: T+Cl: 2.222 and 2.219 A,

(39) The “mostly G=Ti” and “mostly C+Ti" stretching modes in these ~ C=Ti: 1.869 A, C-Cl: 1.738 A, C-H 1.094 A, OCITiCl: 132.2,
two product molecules are not strictly comparable, as the former is mixed OCITiC: 111.7 and 1169 OCICTi: 131.2, OHCTi: 118.7, OCICH:
with the CH bend and the latter carries H. 110.7.
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Table 4. Observed and Calculated Fundamental Frequencies of HETICl 32

approximate HC-=TiCls H13C--TiCls DC-TiCls
mode (symmetry) obs calc (int) obs calc (int) obs calc (int)
CITiCl bend (e) 113.7 (0) 113.5(0) 113.3(2)
TiClz umbrella (a) 130.5(3) 129.9 (3) 129.9 (3)
CTiCl bend (e) 147.8 (6) 145.1 (6) 134.6 (6)
Ti—Cl stretch (a) 393.4 (20) 392.7 (19) 392.7 (19)
HCTi def (ef 431.6 (6) 428.1(8) 345.4 (10)
Ti—Cl stretch (&9 498.3 494.6 (330) 498.0 494.1 (328) 496.3 491.3 (296)
C—Ti stretch (a) 700.4 713.4 (62) 682.1 694.4 (61) 682.9 691.1 (59)
C—H stretch (@) 3169.1 (14) 3158.8 (13) 2337.5 (15)

aB3LYP//6-31H-+G(2d,p)/SDD level of theory. All frequencies are in thhand computed infrared intensities are in km/nfMode symmetries for
Cs, molecule.“Mixed modes.
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£ on g 0.25 '
P 2 v
E: © < @
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Figure 8. IR spectra taken in the 660100 cnt? region taken after
laser-ablated zirconium atoms were reacted with (a) GHE)
13CHCIs, and (e) CDd diluted in argon, and (b, d, and f) after
the resulting matrixes were subjected to full-arc photolysis (
220 nm).

650 550 450
Wavenumbers (cm")

Figure 7. Infrared spectra taken in the 66@30 cnt? region after
(a) laser-ablated zirconium atoms were reacted with GHAEland
the resulting matrix was subjected to (b) irradiation with 290
nm, (c) irradiation withA > 220 nm, (d) annealing to 30 K, and
(e) a second irradiation with > 220 nm.

for this structure the two ZrCl stretching modes are predicted
to be at or below our spectral limit (353.1 and 412.7-én

TiCl, singlet species and 142 kcal/mol lower than the sum of bu'E}he strongest observable absorption is predicted at 651.2
the individual reactants. In related investigations, zirconium and €M corresponding to the-€H wagging mode. No absorption
hafnium metal atom reactions with CkiFormed triplet was observed that showed a significant deuterium shift (the

HC-+MF; complexes? and the chlorinated analogues must be CHCI wagging mode of the CHEZrCl, complex was pre-
considered. Our theoretical computations predict the strongestdicted to show a 139.8 cm shift upon D substitution). Next,
infrared absorption (antisymmetricFCl stretch) of the triplet (e Very stable triplet HEZrCl; complex is 23 kcal/mol lower
HC-=TiCl; complex to fall at 494.6 crt, in good agreement 1N €Nergy than the methylidene species. For this complex, the

with the observed TiCl stretching mode at 498.3 crh(Table mostly C-Zr stret(ihing mode is predicted at 640.7 cwith
4). The second strongest mode (mostly-T stretch) is 19.9 and 22.6 cmt 13C and D isotopic shifts, respectively (Table

predicted at 713.4 crt with 19.0 cnt® carbon-13 isotopic shift 5), which reproduce the observed absorptions with the ex-
and 22.3 cm! D shift, which agrees well with the second pected accuracy. Our computations predict the @rantisym-

observed product absorption (700.4 8.3 cnt! 13C shift, metric stretch (406.6 cnd) and the H-C—Zr deformation
17.5 cn1! D shift). The next strongest mode (CI symmetric ~ (449.9 lel) modes to be hlglhly mixed. The observed band at
stretch) is predicted to fall below our spectral limits (393.4 439-2 cn* shows a 2.6 cm °C isotopic shift, which agrees

cm3). Hence the two observed absorption peaks can be assigned’e! lWith the predicted shift of the HC—Zr deformation (3.3
to the triplet HC-TiCl3 complex. cm~t). However, the observed deuterated species absorption

3.5. Zr + CHCls. Laser-ablated zirconium atoms react with 29r€es better with the ZClI stretching mode prediction as the

trichloromethane to yield infrared absorptions at 439.2 and 639.8 D~C—Zr deformation shifts to lower frequency. Hence, the

cm-L. Both absorptions are characterized by the same behaviorPServed absorption is a mixture of the two modes, and the

on photolysis and annealing and can be assigned to a sing|egydf099n counterpart is mCiSt|yé|]C—Zr deformation ar;1d trLe
reaction product (Figure 7). The lower absorption at 439.2lcm  d€uterium counterpart mostly ZCl antisymmetric stretch. The

shows 2.6 and 16.8 crh carbon-13 and deuterium isotopic °OPServed spectrumiis assigned to the tripletHliCl; complex,

shifts, respectively (Figure 8). This appears to beapredominant-whiCh Is ?upporteql by com:oarison between calculated and
ly Zr—Cl stretching mode, but must be mixed with another mode observed frequencies in Table 5.

involving H(D). The upper absorption at 639.8 thshows a 3.6. Hf + CHCI3;. Diluted chloroform in argon reacts with
large 20.2 et 1C isotopic shift and a 22.7 cré D shift, which hafnium atoms to produce a single product with infrared

is appropriate for a strong mostly<Zr stretching mode. A
; i ; _ (41) Optimized CHCEZrClI;, structure: ZfCl: 2.386 and 2.383 A,
‘Computations on the possible singlet CHrCl, meth C=zr’ 2.011 A, G-Cl. 1.764 A, G-H 1.093 A, 0CIZrCl: 130.9,
ylidene complex converged to a structure lying 168 kcal/mol (icizrc: 111.2 and 1167 OCICZr: 127.3, OHCZr: 122.8, OCICH:
lower in energy than the sum of the initial reactaitslowever, 109.8.

in energy than the CHEITICl, methylidene. The triplet com-
plex is 9 kcal/mol lower in energy than the bridged HH€EEI)-
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Table 5. Observed and Calculated Fundamental Frequencies of HEZrCl 32

approximate HC+ZrCls H3C+ZrCls DC+ZrCls

mode (symmetry) obs calc (int) obs calc (int) obs calc (int)
ClzrCl bend (e) 95.3(1) 95.2 (1) 95.2 (1)
ZrClz umbrella () 101.8 (6) 101.6 (6) 101.6 (6)
CZrCl bend (e) 132.9 (0) 130.0 (0) 122.8 (0)
Zr—Cl stretch (@) 367.6 (20) 367.4 (20) 367.4 (20)
Zr—Cl stretch (€9 406.6 (71) 406.4 (68) 422.4 413.6 (131)
HCZr def (e 439.2 449.9 (79) 436.6 446.6 (81) 344.9 (5)
C—2Zr stretch (@) 639.8 640.7 (75) 619% 620.8 (72) 617.1 618.1 (71)
C—H stretch (@) 3169.3 (5) 3159.1 (4) 2336.4 (9)

aB3LYP//6-31H-+G(2d,p)/SDD level of theory. All frequencies are in thhand computed infrared intensities are in km/n¥dlode symmetries for

Cs, molecule.®Mixed modesdPeak mixed with weak precursor absorption.
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Figure 9. Infrared spectra taken in the 67@10 cnt! region after
(a) laser-ablated hafnium atoms were reacted with GHAEI|and
the resulting matrix was subjected to (b) irradiation with 290
nm, (c) irradiation withA > 220 nm, (d) annealing to 30 K, and
(e) a second irradiation with > 220 nm.
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Figure 10. IR spectra taken in the 650100 cnr?! region taken
after laser-ablated hafnium atoms were reacted with (a) gHEI
13CHCI;, and (e) CDd diluted in argon, and (b, d, and f) after
the resulting matrixes were subjected to full-arc photolysis (
220 nm).

0.00
650

absorptions at 437.8 and 636.3 th(Figure 9). The upper
absorption shows 21.2 and 23.8 ¢h#3C and D isotopic shifts,
respectively, which is characteristic of a strong mostlyH3
stretching mode. The second observed absorption at 4378 cm
shows a 3.4 cmt carbon-13 isotopic shift (Figure 10).

The potential singlet methylidene CHEH{CI, is predicted
to be 162 kcal/mol more stable than the sum of the reactants.

our experimental results. Hence the product spectrum cannot
be assigned to the CHEHfCI, species. However, once this
complex is formed, the third chlorine atom can transfer to the
hafnium metal center, which is predicted to be 4 kcal/mol lower
in energy, conserving the singlet spin multiplicity, followed by
spin relaxation to the triplet HEHfCl; complex, which is 32
kcal/mol lower in energy than the methylidene. The-ldf
stretching mode of this complex is predicted at 625.1cwith

20.9 and 23.6 cmt 13C and D isotopic shifts, respectively, in
excellent agreement with experiment (Table 6). The only other
absorption predicted to be observed is theGt+Hf deformation
mode at 451.0 cmt, which is mixed with some HfCl
stretching character. A 3.4 crhcarbon-13 shift is computed
for this absorption, in good agreement with the peak observed
at 437.8 cm* showing a 3.4 cm* 13C isotopic shift. This is an
acetylenic-like C-H deformation mode. Hence, the observed
vibrational spectrum is assigned to the triplet Hi@fCl;
complex.

3.7. Reaction MechanismsFollowing our investigations of
the group 4 metal atom reactions with GKCH3X, and CHF,
molecules~1719 these reactions with Ci€l, most likely
proceed first through the triplet-GCl insertion product.

M (°F) + CH,CI,
— CH,(u-CI)MCI (T)
—CH,—MCl, (T) — CH,=MClI, (S)

(1a)
(1b)

Alternative insertion into a €H bond gives a higher energy
CHClL—MH metal hydride product? for which we find no
evidence. Reaction 1a is predicted to be sufficiently exothermic
(98, 91, and 102 kcal/mol lower in energy than the reactants
for Ti, Zr, and Hf, respectively) to activate furtherCl transfer
rearrangement to the triplet GHMCI, intermediate, which
relaxes in the matrix to the lower energy singlet methylidene
dichloride product (T and S denote triplet and singlet electronic
states, respectively). The final Ti, Zr, and Hf methylidene
dichloride products are 127, 163, and 157 kcal/mol, respectively,
lower in energy than the precursors. AlthougkH transfer
might be faster, the alternative CHETIHCI methylidene
complex is 62 kcal/mol higher in energy and is not observed in
these experiments.

The reaction with CHGlbegins in like fashion with €ClI
insertion.

However, our computations on this complex predict the strongestM (°F) + CHCl,

infrared active mode within our spectral limits at 665.2ém
corresponding to the-€H wagging mode, which does not match

(42) Optimized CHGEHICI, structure: HECl: 2.374 and 2.368 A,
C=Hf: 2.020 A, C-Cl: 1.777 A, C-H 1.090 A, OCIHfCI: 125.6,
OCIHfC: 110.3 and 114% OCICHf: 123.C, OHCHf: 127.3, OCICH:
109.5.

— CHCI(u-CI)MCI (T) (2a)
— CHCI-MCI, (T) — CHCI=MCL, (S)  (2b)
— HC—MClI, (S)— HC=MClI, (T) (2¢)
— CHCI-MCI, (T) = HC=MCl, (T) (26)
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Table 6. Observed and Calculated Fundamental Frequencies of HEHfCI 32

approximate HC-+HfCl3 HBC+HfCl3 DC+HfCls

mode (symmetry) obs calc (int) obs calc (int) obs calc (int)
HfCls umbrella (a) 92.8 (5) 92.7 (5) 92.7 (5)
CIHfCl bend (e) 93.3(4) 93.3(4) 93.3(4)
CHfCl bend (e) 134.2 (0) 131.0 (0) 124.2 (0)
Hf—Cl stretch (@) 364.3 (18) 364.3 (18) 364.3 (18)
Hf—Cl stretch (9 375.7 (144) 375.7 (144) 378.4 (206)
HCHf def (e} 437.8 451.0 (82) 434.4 447.6 (82) 348.1 (6)
C—Hf stretch (a) 636.3 625.1 (61) 615.1 604.2 (58) 612.5 601.5 (57)
C—H stretch () 3183.0 (5) 3172.8 (4) 2346.8 (9)

aB3LYP//6-31H-+G(2d,p)/SDD level of theory. All frequencies are in thhand computed infrared intensities are in km/nfMode symmetries for
Cs, molecule.“Mixed modes.

1142 ] 117 Table 7. Geometrical Parameters and Physical Constants of
7Y Ground State CH,=MClI, (M = Ti, Zr, Hf) 2
parameter CH=TICl 2 CHx=ZrCl, CHz=HfCl,
r(C—H) 1.092 1.093 1.092
r(C=m) 1.835 1.983 1.995
r(M—Cl) 2.226 2.393 2.381
O(HCH) 114.2 112.3 111.7
g(cMmcly 113.0 112.3 111.6
g(CIMCI) 134.0 133.4 130.8
O(HCM) 122.9 123.8 124.1
d(HCMCI) 0.0, 180.0 54,171.7 9.0, 165.0
q(Cy —-0.56 -0.76 -0.77
q(H)P 0.15 0.13 0.09
q(M)e 0.81 1.37 1.62
q(Clyp -0.27 -0.43 -0.51
ue 0.957 1.020 1.772
AEd 127 163 157

aBond lengths and angles are in A and deg. All calculations were
performed at the B3LYP//6-3114+G(2d,p)/SDD level®™Mulliken atomic
charge ‘Molecular dipole moment in D¥Binding energy in kcal/mol.
.57;57 eDimensions for the B3LYP//6-311+G(2d,p) all-electron calculation are
J«W@ 1.092, 1.840, 2.234, 114.2, 113.7, 132.5, 122.9, 0.6, and 178.8, respectively.

.,?.359

gy,

7 \\\\“\“
#ole

N 0.03) (0.03)

pares well with our B3LYP result and other computations re-
ported for the CR=TiCl, complex27-29.30.3234 gthough previ-

Figure 11. Optimized geometries (A and deg) for the singlet ©UYS Wo_rkers assumed a coplanar molecule. We flnd Fhat the
CH,=MClI, (Co and triplet HG-MCl; (Cs,) complexes at the  CH2=TICl; complex has one plane of symmet() bisecting
B3LYP//6-311+G(2d,p)/SDD level of theory. Atomic spin densi-  the C=Ti—Cl angle, and the TCl bonds are slightly out of
ties in parentheses are given by each atom in the triplet complexesthe CH=Ti plane using the all-electron basis set for Ti. This
nonplanarity increases for the Zr and Hf complexes. Hence we

The initial insertion product undergoesCI transfer to form believe the B3LYP method is accurate for describing these
the triplet CHCH-MCI, species. Here, the reaction pathway can complexes.
go one of two ways. First (reactions 2b and 2c), spin relaxation It is of interest to reflect on the prevalence of agostic distortion
to the singlet CHGEMCI, methylidene forms a stable species in the simple group 4 methylidenes. The £+MH, and
similar to the reactions with Cil,. From here, the third-Cl CH,=MHX complexes all possess agostic interactidmis.
transfers to the metal center followed by spin relaxation to the However, it is important to note that the agostic bonds in the
very stable triplet HG-MCl3 complex. Alternatively, the CH,=MHX methylidenes are trans to the %K bond. The
HC+MCIs complex could form directly via chlorine transfer CH;=MF, and CHF=MF, complexe¥’'° (as well as the
in the triplet CHCHMCI, complex (reaction 2p, which is CH,=MClI; species reported here) ot show any evidence
predicted to be only 2 kcal/mol higher in energy than the singlet of agostic interactions in the DFT-calculated structures. Clearly
CHCI=MCI, complex for titanium. Reactions with group 4 this is due to the presence of the second halogen atom on the
metals and CHEfollow the former reaction pathway, but-€ClI metal center. One possible explanation is that halogen lone pair
bonds are weaker than-& bonds, and we cannot rule out the
latter reaction pathway. Hence, we are unable to determine the _(‘|‘_|4i2 :t*gfz EQQ{Y;CC‘,L\’AS; Eaé'& esr”aét;'gﬁlégk E-f Eg\'ﬁ;‘;ﬁi i-_Ji-_?'aC:ﬁsJoonng'
reaction pathway from M- CHC; to _HC+MC|3 at Fh's time. R Dupui’s, M Smi{h, D. M. A, YNié’plocha, ’J.;"Tipparajulv.';y Krishnan’,

3.8. Group Trends and Comparison to Fluorine Ana- M.; Auer, A. A.; Brown, E.; Cisneros, G.; Fann, G.;ehtl, H.; Garza, J.;
logues.The geometries of the group 4 GHMCI;, complexes Hirao, K.; Kendall, R.; Nichols, J.; Tsemekhman, K.; Wolinski, K.; Anchell,
at the BSLYP level of theory are shown in Figure 11, and the i STholdh b Borouski P clark 1. Clre, b Dachse 1, Decgan.
structural parameters are summarized in Table 7. For compari-j; johnson, B.; Ju, J.; Kobayashi, R.; Kutteh, R.; Lin, Z.; Littlefield, R.;
son, a CCSD calculation of the GHTICl, complex with similar k/lo_n%xl.c;) r“"ﬁ”-gﬁc;}ﬁ'aikééim%li eNri]l:I"l eSJ F_zt\)/ii;?, h'/k;_szir;%m;\} gﬁia Stave,
basis SE}S (SDD pseudopotential ??d (?-Bi—ZG(Zd,Zp)) Wa_s A (Y:p_n%lputétic;nal Cher'ﬁistryy Package for I%arall(gll Co'mputer‘s, Versironn 4.6,
done using the NWChem Prograt:* This geometr§®> com Pacific Northwest National Laboratory: Richland, WA, 2004.

(45) Optimized CH=TICI, structure at CCSD//6-311+G(2d,2p)/

SDD: Ti—Cl: 2.232 A, C=Ti: 1.869 A, C-H 1.088 A,(ICITiCI: 135.8,
OCITiC: 112.7, OHCTi: 123.9, OHCH: 112.3.

(0.05) (0.03) (0.03)

(43) Scuseria, G. E.; Schaefer, H. F., 01.Chem. Physl989 90, 3700,
and references therein.
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Table 8. Geometrical Parameters and Physical Constants of We find one difference in structural preference for group 4
Ground State HC+~MCl3 (M = Ti, Zr, Hf) @ metal reaction products with CHRnd CHC. In the case of

parameter HCGTiClge HC=ZrCls HC=HfCl3 Ti the products trapped are the methylidene EH, and the
r(C—H) 1.088 1.088 1.086 electron-deficient methylidyne HEMCls, respectively. In the
r(C+=M) 1.949 2.127 2.131 cases of Zr and Hf, both haloforms form the latter complex.
r(M—Cl 2.192 2.359 2.357 Finally, we find no evidence for any higher energpH transfer
g(cmch 106.2 106.8 107.2 products in these di- and trihalomethane systems.
0(CIMCI) 112.5 112.0 111.7 .
qCp —0.28 042 ~0.39 For the three trlplet state HAMCI; _complexes_, the
q(H) 0.18 0.16 0.21 CI—M—Cl angles again become smaller with increasing metal
q(m)P 0.71 1.27 1.31 size (Figure 11 and Table 8). It appears that halogen substitution
ng|)[’ —0.20 —0.34 —0.38 for hydrogen in these complexes strengthens théviCbond.
IZE" ile‘l 1199170 11;3172 The C=Ti bond length in HG-TiCls is only 0.003 A longer
=0 2.0104 2.0081 2.0076 than in the CIG-TiCl; species’® indicating a similar bond

2Bond lengths and angles are in A and deg. All calculations were strength in the two electron-deficient methylidyne complexes.
performed at the B3LYP//6-3H1+G(2d,p)/SDD level on the triplet However, the Computeq-EZr a”?’ C_Hf bond Ier_lgths arq 0'02_9
HC-=MCls species irCs, symmetry.®Mulliken atomic chargeMolecular and 0.024 A shorter in the trichloride than in the trifluoride
dipole moment in D9Binding energy in kcal/moléDimensions for the species. The HEMCI; complexes are well-defined triplet
B3LYP//6-311++G(3df,3pd) all-electron calculation are 1.087, 1.955, species@[values near 2.0, Table 8). The atomic spin densities
2199, 106.1, and 112.7, respectively. total 2.00 (Figure 11) and show carbon 2p electron sharing
. N . . with the metal center, which decreases with metal size as the
repulsions are significantly strong to prohibit agostic distor- C(2p)-M(nd) overlap decreases. Hence, two weak degenerate

tion. This would also explain why the agostic botids the 7 bonds are formed to augment the singleM bond in these

CH;=MHX complexes are trans to the X bond. We note  gjeciron-deficient methylidyne systems. This additionsiond-

here that the &Ti bond is 0.015 A shorter in the GHTICI, ing appears to be greater in the GITiCl; complex because

than in the CH=TiF, complex, where fluorine lone pairs have ¢ coniribution from the single chlorine. The spin densities of

been suggested to prevent agostic distortion. Cl (0.22), C (1.29), Ti (0.34), and 3CI (0.05) suggest a stronger
Also, as the group 4 metal atom gets heavier, theNZ+CI 7 interaction in the latter comple.

and H-C—H angles both decrease, and the Cl atoms are more

out of the CH=M plane. However, they are all larger angles 4. Conclusions

than found for the fluorine analogu&sSimilar to the fluorine Laser-ablated group 4 transition metals react with,Cl

analogues, the HCMCI dihedral angles deviate more from and CHC4 to form CH=MCIl, and HG=MCl; complexes
0°/18C _moving dc_)wn the group 4 transition series (Table 7), a respectively, which are trapped in solid argon. The€MCI,
trend discussed in more detéllThe CH=MCI, complexes methylidenes show no agostic distortions and have slightly
are lower in energy than the individual reactants by 127, 163, ghorter computed carbermetal bonds than the fluorine ana-
and 157 kcal/mol for Ti, Zr, and Hf, respectively (Table 7). logues. The triplet HEMCls complexes haves, molecular
This is the same order observed for the fluorine analogues, bUtsymmetry. The two lone electrons on carbon are partially
the CH=MCI, molecules are slightly less stabfeAs the metal  jonated to the electron-deficient metal center, forming electron-

atom becomes larger, it is easier for the chlorine atoms 10 yeficient methyldyne complexes, and thibonding interaction
withdraw electron density from the metal atom. Hence, the yocreases with increasing metal size.

Mulliken charges on the chlorine atoms become more negative,
while the charges on the metal centers become more positive. Acknowledgmentis made to the Donors of the American
The CH=MF, and CH=MCI, complexes are symmetrical Chemical Society Petroleum Research Fund for support of this
and isostructural. The<€M bond lengths are 0.015, 0.015, and research. This research was performed in part using the
0.013 A longer in the group 4 difluoride series, respectivély. ~ Molecular Science Computing Facility (MSCF) in the William
The stronger inductive effect of fluorine relative to chlorine R. Wiley Environmental Molecular Sciences Laboratory, a
appears to weaken slightly the=® bond. The CH wagging national SC|ent|f|_c user fE_;lCIlIty_ sponsored b_y the U.S. Department
modes in the CH=MCI, complexes discussed here are 20, 14, of Energy’s Office of I.3.|olog|cal and En.V|ronmentaI Researqh
and 30 cm? lower than their CH=MF, counterpart value¥’ and Iocateq at the Pacific Northwest National Laboratory. Pacific
and they exhibit comparable anharmonicities (observed H/D iso- NOrthwest is operated for the Department of Energy by Battelle.

topic frequency ratios 1.249, 1.255, 1.240, respectively, in the OM0608399

dichloride series). In contrast the harmonic frequency ratios cal- (46) The CIC-TiCl3 structure was optimized at the same theoretical level
culated here for the mode are 1.266, 1.272, and 1.271, a5 that employed here (EC: 1.630 A, G-Ti: 1.946 A, Ti~Cl: 2.198 A,
respectively. OCTICl: 106.2, OCITICl: 112.4).




