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Laser-ablated group 4 transition metal atoms react with CH2Cl2 and CHCl3 to yield the singlet
CH2dMCl2 and triplet HC÷MCl3 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 computed CH2dMCl2 methylidene
structures show no evidence of agostic distortion, in contrast to the previously investigated CH2dMHCl
complexes. In the triplet HC÷MCl3 complexes, the two unpaired electrons on carbon interact with the
transition metal center and contribute weakπ bonding. 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
intermediates.1-3 Carbon-halogen bond activation is also of
considerable interest as a possible means of remediation for
chlorofluorocarbons.4-7

Recently our group has investigated the reactions of group 4
transition metals with CH4 and CH3X molecules.8-16 In these
studies, the primary reaction products are double-bonded
methylidene complexes, which show considerable agostic
interactions between the metal center and the bonded C-H
electrons. Methylene fluoride reacted with titanium to form the
CH2dTiF2 methylidene complex.17 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

strengths similar to weak hydrogen bonds.18 In addition, titanium
reacted with fluoroform to produce the analogous CHFdTiF2

methylidene, which exhibited no distortion, but zirconium and
hafnium formed the more stable triplet HC÷MF3 complexes.19

In these novel complexes the two unpaired electrons on carbon
are shared with the electron-deficient metal center to give
additionalπ bonding. We now report on the reaction products
formed between group 4 transition metals and the chlorinated
analogues (CH2Cl2 and CHCl3) for comparison.

The goals of this study are as follows. In the reactions with
dichloromethane, we wish to investigate whether CH2dMCl2
methylidenes form similarly to the fluorine analogues, or if
chlorine substitution alters the reaction pathway. The C-Cl
bonds are easier to break than C-F bonds, but the bulkier
chlorine atoms are also slower to transfer, and H transfer might
compete. Recall that H transfer produced the CH2dTiHCl
complex from the Ti+ CH3Cl reaction.16 If the CH2dMCl2
complexes are formed, will the complex be symmetrical like
CH2dTiF2 or distorted like CH2dTiHCl? As the group 4
transition metals gave different products in the reaction with
CHF3, 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.20,21 In brief, laser-ablated transition metal atoms, generated
by a Nd:YAG laser (1064 nm), were co-deposited with reagent
gas diluted in argon (0.4-1.0%) onto a CsI window cooled to 8 K
for the duration of 1 h. Infrared spectra were collected at 0.5 cm-1

resolution in the 400-4000 cm-1 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 removed (λ > 220 nm)
and annealings to various temperatures. Infrared spectra were
collected after each procedure.
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Unless otherwise noted, all theoretical calculations were com-
puted using the Gaussian ’98 package.22 The B3LYP hybrid
functional23 was used with the 6-311++G(2d,p) basis for all atoms
except the transition metal, where the SDD pseudopotential was
employed.24,25These calculations will enable comparisons with other
methylidene complexes.8-19 Vibrational frequencies were computed
analytically, and all energy values reported include zero-point
vibrational corrections. As a calibration, our calculation for the
stable molecule TiCl4 gave a tetrahedral structure with a strong IR
mode at 499.7 cm-1, which compares favorably with the argon
matrix absorption26a at 502.6 cm-1. Our DFT calculation predicts
TiCl4 to be more stable than Ti and two Cl2 by 285 kcal/mol, which
may be compared to the gas phase thermodynamic value of 295(
2 kcal/mol.26b

3. Results and Discussion

Reactions between group 4 transition metals and CH2Cl2 or
CHCl3 will be investigated, and product infrared spectra and
DFT calculations will be reported in turn.

3.1. Ti + CH2Cl2. When laser-ablated titanium atoms react
with methylene chloride, new product absorptions are observed
at 503.0 with matrix site splitting at 505.5, 675.0, and 679.7
cm-1. All three absorptions increase in unison on all photolysis,
remain nearly unchanged on annealing (Figure 1), and maintain
constant relative intensity in experiments with different precursor
concentrations. (Arrows are used to 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 on13C and D isotopic
substitution (0.5 and 1.9 cm-1 shifts, respectively). This is also
only slightly higher than the 502.6 cm-1 Ti-Cl stretching mode
in TiCl4.26a Hence, the observed product absorption can be
assigned to a Ti-Cl stretching frequency. The next highest peak,
at 675.0 cm-1, shows a modest 5.3 cm-1 carbon-13 shift and a
large 134.5 cm-1 deuterium isotopic shift (frequency ratio 1.249)
(Figure 2). These values are similar to those for the observed
CH2 wagging motion of the CH2dTiF2 complex (695.4 cm-1;
6.0 and 138.6 cm-1 13C and D shifts, respectively).17 The last
observed vibration at 679.7 cm-1 shows the largest carbon-13
shift (20.1 cm-1) and a modest deuterium shift (71.9 cm-1),
and it can be assigned to a mostly CdTi stretching mode. A
final fourth absorption was observed at 978.9 cm-1 only in
experiments when CD2Cl2 was employed.

The three identified product modes (Ti-Cl stretch, CH2 wag,
and CdTi stretch) lead to identification of the stable
CH2dTiCl2 complex with confidence. Our computed frequen-
cies for this complex compare favorably with the observed
spectrum (Table 1). Typically DFT-computed frequencies are
a few percent higher than observed values.9-16,26c The fourth
strongest mode predicted for the CH2dTiCl2 complex (Ti-Cl
symmetric stretch; 374.7 cm-1) is below our spectral limits. The
CH2 bending mode was computed to be nearly twice as intense
for the deuterated isotopomer at 1033.1 cm-1 and is in
satisfactory agreement with the fourth peak observed at 978.9
cm-1 when CD2Cl2 was employed. This gain in intensity is due
to increased coupling with the CdTi stretching mode.

Singlet methylidene CH2dTiCl2 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 CH2(µ-Cl)TiCl primary insertion product.
Another possible singlet methylidene complex, CHCldTiHCl,
is 62 kcal/mol higher in energy than CH2dTiCl2, and the
computed vibrational spectrum is vastly different (including a
strong Ti-H stretching mode near 1700 cm-1, which is not
observed). AlthoughR-H transfer may be faster thanR-Cl
transfer, the latter is much more favorable energetically. The
CH2dTiCl2 complex has been studied theoretically over the last
two decades;27-37 however, this is the first experimental
observation to our knowledge.
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Figure 1. Infrared spectra taken in the 690-460 cm-1 region after
(a) laser-ablated titanium atoms were reacted with CH2Cl2/Ar, and
the resulting matrix was subjected to (b) irradiation withλ > 290
nm, (c) irradiation withλ > 220 nm, and (d) annealing to 30 K.
Arrows denote product absorptions.

Figure 2. IR spectra taken in the 710-450 cm-1 region taken after
laser-ablated titanium atoms were reacted with (a) CH2Cl2, (b)
13CH2Cl2, and (c) CD2Cl2 diluted in argon. All spectra were recorded
after full-arc photolysis (λ > 220 nm). Arrows denote product
absorptions.
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3.2. Zr + CH2Cl2. Zirconium atoms react with dichlo-
romethane to form a single reaction product with infrared
absorptions at 412.7 and 685.1 cm-1. These absorptions increase
slightly on photolysis and remain nearly unchanged on annealing
(Figure 3). The 685.1 cm-1 absorption shows a modest 5.8 cm-1

13C isotopic shift and a large 139.0 cm-1 deuterium isotopic
shift, as shown from comparison of spectra using CHCl3,
13CHCl3, and CDCl3 in Figure 4. This peak is only 10.1 cm-1

higher than the CH2 wagging mode of the CH2dTiCl2 complex,
and it has a comparable 1.255 H/D isotopic frequency ratio.
The vibration at 412.7 cm-1 is just above our spectral limit. It
shows almost no carbon and hydrogen isotopic dependency (0.1
and 1.5 cm-1 13C and D shifts, respectively) and can be assigned
to a Zr-Cl stretching mode. This absorption is only slightly
below that observed for ZrCl4.38

The identification of these modes (Zr-Cl stretch and CH2
wag) indicate the observed product is CH2dZrCl2. A comparison
of our observed and theoretically predicted vibrations is given

in Table 2. Again, the DFT-computed frequencies are slightly
higher than observed values, and the CH2 wag, which has
considerable anharmonicity based on the H/D frequency ratio,
is predicted least accurately by the harmonic frequency calcula-
tion. Notice that the CD2 scissoring mode, which was observed
only when titanium was reacted with CD2Cl2, was not observed
for the zirconium analogue, as it is predicted to fall underneath
the precursor absorption. Finally, CH2dZrCl2 is computed to
be 163 kcal/mol lower in energy than the sum of the zirconium
atom and methylene chloride precursors.

3.3. Hf + CH2Cl2. Dichloromethane reacts with hafnium
atoms to yield a single product with one strong infrared
absorption at 677.6 cm-1. This absorption shifts 6.0 cm-1 on
13C isotopic substitution and shows a large 131.3 cm-1

deuterium isotopic shift (H/D frequency ratio 1.240), which are
characteristic of a CH2 wagging mode.

The observed absorption matches that predicted for the
strongest absorption of the CH2dHfCl2 complex (Table 3). As
in the case with zirconium, the anharmonic CH2 wagging mode
is predicted about 10% too high, but the isotopic shifts are
predicted extremely well for this complex. The two Hf-Cl
stretching modes are expected to fall below our spectral limits
(B3LYP predicts them at 349.1 and 395.9 cm-1). Hence we
assign the observed band to the CH2dHfCl2 methylidene. This
complex is computed to be 157 kcal/mol lower in energy than
the sum of the two individual reactants.

3.4. Ti + CHCl3. The reaction between laser-ablated titanium
atoms and CHCl3 yielded a single product with two infrared
absorptions at 498.3 and 700.4 cm-1 (Figure 5). The lower
absorption at 498.3 cm-1 showed 0.3 and 2.0 cm-1 shifts upon
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Table 1. Observed and Calculated Fundamental Frequencies of CH2dTiCl 2
a

CH2dTiCl2 13CH2dTiCl2 CD2dTiCl2approximate
mode (symmetry)b obs calc (int) obs calc (int) obs calc (int)

HCTiCl dist (a′) 54.5 (27) 54.2 (27) 52.9 (26)
ClTiCl bend (a′) 108.4 (3) 108.1 (3) 107.7 (3)
CTiCl bend (a′′) 171.2 (2) 168.8 (2) 141.2 (0)
CH2 rock (a′′) 273.7 (7) 270.7 (6) 232.6 (6)
Ti-Cl stretch (a′) 374.7 (32) 374.1 (32) 373.2 (31)
CH2 twist (a′′) 443.6 (0) 443.6 (0) 314.7 (0)
Ti-Cl stretch (a′′) 503.0 523.4 (175)c 502.5 522.4 (176) 501.1 518.4 (177)
CH2 wag (a′) 675.0 725.3 (122)c 669.7 718.5 (118) 540.5 572.9 (89)
CdTi stretch (a′) 679.7 735.0 (41)c 659.6 718.9 (43) 607.8 654.2 (28)
CH2 bend (a′) 1308.0 (18) 1298.2 (16) 978.9 1033.1 (28)
CH stretch (a′) 3056.5 (2) 3051.0 (2) 2215.9 (4)
CH stretch (a′′) 3151.8 (2) 3139.6 (2) 2339.0 (1)

a B3LYP//6-311++G(2d,p)/SDD level of theory. All frequencies are in cm-1, and computed infrared intensities are in km/mol.bMode symmetries forCs

molecule.cB3LYP/6-311++G(3df,3pd) calculated frequencies (intensities) are 517.8 (171), 730.9 (112), and 725.4 cm-1 (48), respectively.

Figure 3. Infrared spectra taken in the 700-400 cm-1 region after
(a) laser-ablated zirconium atoms were reacted with CH2Cl2/Ar,
and the resulting matrix was subjected to (b) irradiation with
λ > 290 nm, (c) irradiation withλ > 220 nm, and (d) annealing to
30 K.

Figure 4. IR spectra taken in the 700-400 cm-1 region taken after
laser-ablated zirconium atoms were reacted with (a) CH2Cl2, (b)
13CH2Cl2, and (c) CD2Cl2 diluted in argon. All spectra were recorded
after full-arc photolysis (λ > 220 nm).
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13C and D isotopic substitution, respectively, indicating a
Ti-Cl stretching mode, which is 4.7 cm-1 below this mode for
CH2dTiCl2. The second absorption at 700.4 cm-1 shifted 18.3
cm-1 on carbon-13 substitution and 17.5 cm-1 on deuterium
substitution (Figure 6) and must be assigned to a mostly
carbon-titanium stretching mode.39 Finally, the shoulder ab-
sorption near 503 cm-1 is probably due to TiCl4.26a

Computations on the possible singlet CHCldTiCl2 complex
led to a product 134 kcal/mol lower in energy than the sum of

the individual reactants.40 When titanium was reacted with
CHF3, the CHFdTiF2 complex was the lone observed product.19

However, for the CHCldTiCl2 complex, three strong infrared
absorptions are predicted at 487.7 (147 km/mol), 532.6 (96
km/mol), and 624.2 cm-1 (77 km/mol, C-H wagging mode),
which does not match the observed spectrum. Next we computed
the singlet HC-TiCl3 complex, which converged to a bridge-
bonded HC(µ-Cl)TiCl2 complex that is about 1 kcal/mol higher

(39) The “mostly CdTi” and “mostly C÷Ti” stretching modes in these
two product molecules are not strictly comparable, as the former is mixed
with the CH2 bend and the latter carries H.

(40) Optimized CHCldTiCl2 structure: Ti-Cl: 2.222 and 2.219 Å,
CdTi: 1.869 Å, C-Cl: 1.738 Å, C-H 1.094 Å, ∠ClTiCl: 132.2°,
∠ClTiC: 111.7 and 116.0°, ∠ClCTi: 131.2°, ∠HCTi: 118.1°, ∠ClCH:
110.7°.

Table 2. Observed and Calculated Fundamental Frequencies of CH2dZrCl 2
a

CH2dZrCl2 13CH2dZrCl2 CD2dZrCl2approximate
mode (symmetry)b obs calc (int) obs calc (int) obs calc (int)

HCZrCl dist (a′) 30.8 (30) 30.6 (29) 30.0 (28)
ClZrCl bend (a′) 92.7 (3) 92.5 (3) 92.1 (3)
CZrCl bend (a′′) 126.7 (0) 125.6 (0) 99.0 (0)
CH2 rock (a′′) 249.8 (4) 245.6 (3) 224.0 (2)
Zr-Cl stretch (a′) 348.6 (29) 348.4 (29) 348.3 (29)
Zr-Cl stretch (a′′) 412.7 426.4 (147) 412.6 425.3 (147) 411.2 421.7 (147)
CH2 twist (a′′) 470.0 (0) 470.0 (0) 333.1 (0)
CdZr stretch (a′) 703.7 (59) 685.1 (58) 632.0 (44)
CH2 wag (a′) 685.1 745.4 (132) 679.3 738.6 (128) 546.1 585.9 (97)
CH2 bend (a′) 1318.6 (15) 1310.1 (13) c 1023.5 (29)
CH stretch (a′) 3044.7 (0) 3039.0 (0) 2209.5 (3)
CH stretch (a′′) 3127.2 (5) 3115.4 (5) 2318.4 (2)

a B3LYP//6-311++G(2d,p)/SDD level of theory. All frequencies are in cm-1, and computed infrared intensities are in km/mol.bMode symmetries forCs

molecule.cPeak hidden behind precursor absorptions.

Table 3. Observed and Calculated Fundamental Frequencies of CH2dHfCl 2
a

CH2dHfCl2 13CH2dHfCl2 CD2dHfCl2approximate
mode (symmetry)b obs calc (int) obs calc (int) obs calc (int)

HCHfCl dist (a′) 43.2 (20) 42.7 (20) 41.3 (19)
ClHfCl bend (a′) 91.2 (3) 90.8 (3) 90.0 (3)
CHfCl bend (a′′) 138.5 (0) 136.8 (0) 111.3 (0)
CH2 rock (a′′) 281.1 (7) 277.5 (6) 247.2 (2)
Hf-Cl stretch (a′) 349.1 (25) 349.1 (25) 349.0 (25)
Hf-Cl stretch (a′′) 395.9 (105) 394.2 (105) 386.1 (108)
CH2 twist (a′′) 462.3 (0) 462.3 (0) 328.5 (0)
CdHf stretch (a′) 699.2 (45) 678.7 (44) 630.1 (33)
CH2 wag (a′) 677.6 747.1 (103) 671.6 740.3 (99) 546.3 587.8 (77)
CH2 bend (a′) 1323.2 (12) 1315.5 (10) c 1018.6 (23)
CH stretch (a′) 3053.2 (0) 3047.4 (0) 2216.3 (2)
CH stretch (a′′) 3130.1 (5) 3118.3 (5) 2320.0 (1)

a B3LYP//6-311++G(2d,p)/SDD level of theory. All frequencies are in cm-1, and computed infrared intensities are in km/mol.bMode symmetries forCs

molecule.cPeak hidden behind precursor absorptions.

Figure 5. Infrared spectra taken in the 720-470 cm-1 region after
(a) laser-ablated titanium atoms were reacted with CHCl3/Ar, and
the resulting matrix was subjected to (b) irradiation withλ > 290
nm, (c) irradiation withλ > 220 nm, (d) annealing to 30 K, and
(e) a second irradiation withλ > 220 nm.

Figure 6. IR spectra taken in the 720-480 cm-1 region taken after
laser-ablated titanium atoms were reacted with (a) CHCl3, (c)
13CHCl3, and (e) CDCl3 diluted in argon, and (b, d, and f) after
the resulting matrixes were subjected to full-arc photolysis (λ >
220 nm).
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in energy than the CHCldTiCl2 methylidene. The triplet com-
plex is 9 kcal/mol lower in energy than the bridged HC(µ-Cl)-
TiCl2 singlet species and 142 kcal/mol lower than the sum of
the individual reactants. In related investigations, zirconium and
hafnium metal atom reactions with CHF3 formed triplet
HC÷MF3 complexes,19 and the chlorinated analogues must be
considered. Our theoretical computations predict the strongest
infrared absorption (antisymmetric Ti-Cl stretch) of the triplet
HC÷TiCl3 complex to fall at 494.6 cm-1, in good agreement
with the observed Ti-Cl stretching mode at 498.3 cm-1 (Table
4). The second strongest mode (mostly C-Ti stretch) is
predicted at 713.4 cm-1 with 19.0 cm-1 carbon-13 isotopic shift
and 22.3 cm-1 D shift, which agrees well with the second
observed product absorption (700.4 cm-1; 18.3 cm-1 13C shift,
17.5 cm-1 D shift). The next strongest mode (Ti-Cl symmetric
stretch) is predicted to fall below our spectral limits (393.4
cm-1). Hence the two observed absorption peaks can be assigned
to the triplet HC÷TiCl3 complex.

3.5. Zr + CHCl3. Laser-ablated zirconium atoms react with
trichloromethane to yield infrared absorptions at 439.2 and 639.8
cm-1. Both absorptions are characterized by the same behavior
on photolysis and annealing and can be assigned to a single
reaction product (Figure 7). The lower absorption at 439.2 cm-1

shows 2.6 and 16.8 cm-1 carbon-13 and deuterium isotopic
shifts, respectively (Figure 8). This appears to be a predominant-
ly Zr-Cl stretching mode, but must be mixed with another mode
involving H(D). The upper absorption at 639.8 cm-1 shows a
large 20.2 cm-1 13C isotopic shift and a 22.7 cm-1 D shift, which
is appropriate for a strong mostly C-Zr stretching mode.

Computations on the possible singlet CHCldZrCl2 meth-
ylidene complex converged to a structure lying 168 kcal/mol
lower in energy than the sum of the initial reactants.41 However,

for this structure the two Zr-Cl stretching modes are predicted
to be at or below our spectral limit (353.1 and 412.7 cm-1),
but the strongest observable absorption is predicted at 651.2
cm-1, corresponding to the C-H wagging mode. No absorption
was observed that showed a significant deuterium shift (the
CHCl wagging mode of the CHCldZrCl2 complex was pre-
dicted to show a 139.8 cm-1 shift upon D substitution). Next,
the very stable triplet HC÷ZrCl3 complex is 23 kcal/mol lower
in energy than the methylidene species. For this complex, the
mostly C-Zr stretching mode is predicted at 640.7 cm-1 with
19.9 and 22.6 cm-1 13C and D isotopic shifts, respectively (Table
5), which reproduce the observed absorptions with the ex-
pected accuracy. Our computations predict the Zr-Cl antisym-
metric stretch (406.6 cm-1) and the H-C-Zr deformation
(449.9 cm-1) modes to be highly mixed. The observed band at
439.2 cm-1 shows a 2.6 cm-1 13C isotopic shift, which agrees
well with the predicted shift of the H-C-Zr deformation (3.3
cm-1). However, the observed deuterated species absorption
agrees better with the Zr-Cl stretching mode prediction as the
D-C-Zr deformation shifts to lower frequency. Hence, the
observed absorption is a mixture of the two modes, and the
hydrogen counterpart is mostly H-C-Zr deformation and the
deuterium counterpart mostly Zr-Cl antisymmetric stretch. The
observed spectrum is assigned to the triplet HC÷ZrCl3 complex,
which is supported by comparison between calculated and
observed frequencies in Table 5.

3.6. Hf + CHCl3. Diluted chloroform in argon reacts with
hafnium atoms to produce a single product with infrared

(41) Optimized CHCldZrCl2 structure: Zr-Cl: 2.386 and 2.383 Å,
CdZr: 2.011 Å, C-Cl: 1.764 Å, C-H 1.093 Å, ∠ClZrCl: 130.9°,
∠ClZrC: 111.2 and 116.1°, ∠ClCZr: 127.3°, ∠HCZr: 122.8°, ∠ClCH:
109.8°.

Table 4. Observed and Calculated Fundamental Frequencies of HC÷TiCl 3
a

HC÷TiCl3 H13C÷TiCl3 DC÷TiCl3approximate
mode (symmetry)b obs calc (int) obs calc (int) obs calc (int)

ClTiCl bend (e) 113.7 (0) 113.5 (0) 113.3 (2)
TiCl3 umbrella (a1) 130.5 (3) 129.9 (3) 129.9 (3)
CTiCl bend (e) 147.8 (6) 145.1 (6) 134.6 (6)
Ti-Cl stretch (a1) 393.4 (20) 392.7 (19) 392.7 (19)
HCTi def (e)c 431.6 (6) 428.1 (8) 345.4 (10)
Ti-Cl stretch (e)c 498.3 494.6 (330) 498.0 494.1 (328) 496.3 491.3 (296)
C-Ti stretch (a1) 700.4 713.4 (62) 682.1 694.4 (61) 682.9 691.1 (59)
C-H stretch (a1) 3169.1 (14) 3158.8 (13) 2337.5 (15)

a B3LYP//6-311++G(2d,p)/SDD level of theory. All frequencies are in cm-1, and computed infrared intensities are in km/mol.bMode symmetries for
C3V molecule.cMixed modes.

Figure 7. Infrared spectra taken in the 660-430 cm-1 region after
(a) laser-ablated zirconium atoms were reacted with CHCl3/Ar, and
the resulting matrix was subjected to (b) irradiation withλ > 290
nm, (c) irradiation withλ > 220 nm, (d) annealing to 30 K, and
(e) a second irradiation withλ > 220 nm.

Figure 8. IR spectra taken in the 660-400 cm-1 region taken after
laser-ablated zirconium atoms were reacted with (a) CHCl3, (c)
13CHCl3, and (e) CDCl3 diluted in argon, and (b, d, and f) after
the resulting matrixes were subjected to full-arc photolysis (λ >
220 nm).
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absorptions at 437.8 and 636.3 cm-1 (Figure 9). The upper
absorption shows 21.2 and 23.8 cm-1 13C and D isotopic shifts,
respectively, which is characteristic of a strong mostly C-Hf
stretching mode. The second observed absorption at 437.8 cm-1

shows a 3.4 cm-1 carbon-13 isotopic shift (Figure 10).
The potential singlet methylidene CHCldHfCl2 is predicted

to be 162 kcal/mol more stable than the sum of the reactants.42

However, our computations on this complex predict the strongest
infrared active mode within our spectral limits at 665.2 cm-1,
corresponding to the C-H wagging mode, which does not match

our experimental results. Hence the product spectrum cannot
be assigned to the CHCldHfCl2 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 HC÷HfCl3 complex, which is 32
kcal/mol lower in energy than the methylidene. The C-Hf
stretching mode of this complex is predicted at 625.1 cm-1 with
20.9 and 23.6 cm-1 13C and D isotopic shifts, respectively, in
excellent agreement with experiment (Table 6). The only other
absorption predicted to be observed is the H-C-Hf deformation
mode at 451.0 cm-1, which is mixed with some Hf-Cl
stretching character. A 3.4 cm-1 carbon-13 shift is computed
for this absorption, in good agreement with the peak observed
at 437.8 cm-1 showing a 3.4 cm-1 13C isotopic shift. This is an
acetylenic-like C-H deformation mode. Hence, the observed
vibrational spectrum is assigned to the triplet HC÷HfCl3
complex.

3.7. Reaction Mechanisms.Following our investigations of
the group 4 metal atom reactions with CH4, CH3X, and CH2F2

molecules,8-17,19 these reactions with CH2Cl2 most likely
proceed first through the triplet C-Cl insertion product.

Alternative insertion into a C-H bond gives a higher energy
CHCl2-MH metal hydride product,14 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 furtherR-Cl transfer
rearrangement to the triplet CH2-MCl2 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. AlthoughR-H transfer
might be faster, the alternative CHCldTiHCl methylidene
complex is 62 kcal/mol higher in energy and is not observed in
these experiments.

The reaction with CHCl3 begins in like fashion with C-Cl
insertion.

(42) Optimized CHCldHfCl2 structure: Hf-Cl: 2.374 and 2.368 Å,
CdHf: 2.020 Å, C-Cl: 1.777 Å, C-H 1.090 Å, ∠ClHfCl: 125.6°,
∠ClHfC: 110.3 and 114.6°, ∠ClCHf: 123.0°, ∠HCHf: 127.3°, ∠ClCH:
109.5°.

Table 5. Observed and Calculated Fundamental Frequencies of HC÷ZrCl 3
a

HC÷ZrCl3 H13C÷ZrCl3 DC÷ZrCl3approximate
mode (symmetry)b obs calc (int) obs calc (int) obs calc (int)

ClZrCl bend (e) 95.3 (1) 95.2 (1) 95.2 (1)
ZrCl3 umbrella (a1) 101.8 (6) 101.6 (6) 101.6 (6)
CZrCl bend (e) 132.9 (0) 130.0 (0) 122.8 (0)
Zr-Cl stretch (a1) 367.6 (20) 367.4 (20) 367.4 (20)
Zr-Cl stretch (e)c 406.6 (71) 406.4 (68) 422.4 413.6 (131)
HCZr def (e)c 439.2 449.9 (79) 436.6 446.6 (81) 344.9 (5)
C-Zr stretch (a1) 639.8 640.7 (75) 619.6d 620.8 (72) 617.1 618.1 (71)
C-H stretch (a1) 3169.3 (5) 3159.1 (4) 2336.4 (9)

a B3LYP//6-311++G(2d,p)/SDD level of theory. All frequencies are in cm-1, and computed infrared intensities are in km/mol.bMode symmetries for
C3V molecule.cMixed modes.dPeak mixed with weak precursor absorption.

Figure 9. Infrared spectra taken in the 670-410 cm-1 region after
(a) laser-ablated hafnium atoms were reacted with CHCl3/Ar, and
the resulting matrix was subjected to (b) irradiation withλ > 290
nm, (c) irradiation withλ > 220 nm, (d) annealing to 30 K, and
(e) a second irradiation withλ > 220 nm.

Figure 10. IR spectra taken in the 650-400 cm-1 region taken
after laser-ablated hafnium atoms were reacted with (a) CHCl3, (c)
13CHCl3, and (e) CDCl3 diluted in argon, and (b, d, and f) after
the resulting matrixes were subjected to full-arc photolysis (λ >
220 nm).

M (3F) + CH2Cl2
f CH2(µ-Cl)MCl (T) (1a)

fCH2-MCl2 (T) f CH2dMCl2 (S) (1b)

M (3F) + CHCl3
f CHCl(µ-Cl)MCl (T) (2a)

f CHCl-MCl2 (T) f CHCldMCl2 (S) (2b)

f HC-MCl3 (S) f HC÷MCl3 (T) (2c)

f CHCl-MCl2 (T) f HC÷MCl3 (T) (2b′)
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The initial insertion product undergoesR-Cl transfer to form
the triplet CHCl-MCl2 species. Here, the reaction pathway can
go one of two ways. First (reactions 2b and 2c), spin relaxation
to the singlet CHCldMCl2 methylidene forms a stable species
similar to the reactions with CH2Cl2. From here, the thirdR-Cl
transfers to the metal center followed by spin relaxation to the
very stable triplet HC÷MCl3 complex. Alternatively, the
HC÷MCl3 complex could form directly via chlorine transfer
in the triplet CHCl-MCl2 complex (reaction 2b′), which is
predicted to be only 2 kcal/mol higher in energy than the singlet
CHCldMCl2 complex for titanium. Reactions with group 4
metals and CHF3 follow the former reaction pathway, but C-Cl
bonds are weaker than C-F bonds, and we cannot rule out the
latter reaction pathway. Hence, we are unable to determine the
reaction pathway from M+ CHCl3 to HC÷MCl3 at this time.

3.8. Group Trends and Comparison to Fluorine Ana-
logues.The geometries of the group 4 CH2dMCl2 complexes
at the B3LYP level of theory are shown in Figure 11, and the
structural parameters are summarized in Table 7. For compari-
son, a CCSD calculation of the CH2dTiCl2 complex with similar
basis sets (SDD pseudopotential and 6-311++G(2d,2p)) was
done using the NWChem Program.43,44 This geometry45 com-

pares well with our B3LYP result and other computations re-
ported for the CH2dTiCl2 complex,27,29,30,32-34 although previ-
ous workers assumed a coplanar molecule. We find that the
CH2dTiCl2 complex has one plane of symmetry (Cs) bisecting
the Cl-Ti-Cl angle, and the Ti-Cl bonds are slightly out of
the CH2dTi plane using the all-electron basis set for Ti. This
nonplanarity increases for the Zr and Hf complexes. Hence we
believe the B3LYP method is accurate for describing these
complexes.

It is of interest to reflect on the prevalence of agostic distortion
in the simple group 4 methylidenes. The CH2dMH2 and
CH2dMHX complexes all possess agostic interactions.9-16

However, it is important to note that the agostic bonds in the
CH2dMHX methylidenes are trans to the M-X bond. The
CH2dMF2 and CHFdMF2 complexes17,19 (as well as the
CH2dMCl2 species reported here) donot show any evidence
of agostic interactions in the DFT-calculated structures. Clearly
this is due to the presence of the second halogen atom on the
metal center. One possible explanation is that halogen lone pair

(43) Scuseria, G. E.; Schaefer, H. F., III.J. Chem. Phys.1989, 90, 3700,
and references therein.

(44) Aprà, E.; Windus, T. L.; Straatsma, T. P.; Bylaska, E. J.; de Jong,
W.; Hirata, S.; Valiev, M.; Hackler, M.; Pollack, L.; Kowalski, K.; Harrison,
R.; Dupuis, M.; Smith, D. M. A; Nieplocha, J.; Tipparaju V.; Krishnan,
M.; Auer, A. A.; Brown, E.; Cisneros, G.; Fann, G.; Fru¨chtl, H.; Garza, J.;
Hirao, K.; Kendall, R.; Nichols, J.; Tsemekhman, K.; Wolinski, K.; Anchell,
J.; Bernholdt, D.; Borowski, P.; Clark, T.; Clerc, D.; Dachsel, H.; Deegan,
M.; Dyall, K.; Elwood, D.; Glendening, E.; Gutowski, M.; Hess, A.; Jaffe,
J.; Johnson, B.; Ju, J.; Kobayashi, R.; Kutteh, R.; Lin, Z.; Littlefield, R.;
Long, X.; Meng, B.; Nakajima, T.; Niu, S.; Rosing, M.; Sandrone, G.; Stave,
M.; Taylor, H.; Thomas, G.; van Lenthe, J.; Wong, A.; Zhang, Z.NWChem,
A Computational Chemistry Package for Parallel Computers, Version 4.6;
Pacific Northwest National Laboratory: Richland, WA, 2004.

(45) Optimized CH2dTiCl2 structure at CCSD//6-311++G(2d,2p)/
SDD: Ti-Cl: 2.232 Å, CdTi: 1.869 Å, C-H 1.088 Å,∠ClTiCl: 135.8°,
∠ClTiC: 112.1°, ∠HCTi: 123.9°, ∠HCH: 112.3°.

Table 6. Observed and Calculated Fundamental Frequencies of HC÷HfCl 3
a

HC÷HfCl3 H13C÷HfCl3 DC÷HfCl3approximate
mode (symmetry)b obs calc (int) obs calc (int) obs calc (int)

HfCl3 umbrella (a1) 92.8 (5) 92.7 (5) 92.7 (5)
ClHfCl 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 (a1) 364.3 (18) 364.3 (18) 364.3 (18)
Hf-Cl stretch (e)c 375.7 (144) 375.7 (144) 378.4 (206)
HCHf def (e)c 437.8 451.0 (82) 434.4 447.6 (82) 348.1 (6)
C-Hf stretch (a1) 636.3 625.1 (61) 615.1 604.2 (58) 612.5 601.5 (57)
C-H stretch (a1) 3183.0 (5) 3172.8 (4) 2346.8 (9)

a B3LYP//6-311++G(2d,p)/SDD level of theory. All frequencies are in cm-1, and computed infrared intensities are in km/mol.bMode symmetries for
C3V molecule.cMixed modes.

Figure 11. Optimized geometries (Å and deg) for the singlet
CH2dMCl2 (Cs) and triplet HC÷MCl3 (C3V) complexes at the
B3LYP//6-311++G(2d,p)/SDD level of theory. Atomic spin densi-
ties in parentheses are given by each atom in the triplet complexes.

Table 7. Geometrical Parameters and Physical Constants of
Ground State CH2dMCl 2 (M ) Ti, Zr, Hf) a

parameter CH2dTiCl2e CH2dZrCl2 CH2dHfCl2

r(CsH) 1.092 1.093 1.092
r(CdM) 1.835 1.983 1.995
r(M-Cl) 2.226 2.393 2.381
∠(HCH) 114.2 112.3 111.7
∠(CMCl) 113.0 112.3 111.6
∠(ClMCl) 134.0 133.4 130.8
∠(HCM) 122.9 123.8 124.1
Φ(HCMCl) 0.0, 180.0 5.4, 171.7 9.0, 165.0
q(C)b -0.56 -0.76 -0.77
q(H)b 0.15 0.13 0.09
q(M)b 0.81 1.37 1.62
q(Cl)b -0.27 -0.43 -0.51
µc 0.957 1.020 1.772
∆Ed 127 163 157

a Bond lengths and angles are in Å and deg. All calculations were
performed at the B3LYP//6-311++G(2d,p)/SDD level.bMulliken atomic
charge.cMolecular dipole moment in D.dBinding energy in kcal/mol.
eDimensions for the B3LYP//6-311++G(2d,p) all-electron calculation are
1.092, 1.840, 2.234, 114.2, 113.7, 132.5, 122.9, 0.6, and 178.8, respectively.
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repulsions are significantly strong to prohibit agostic distor-
tion. This would also explain why the agostic bonds18 in the
CH2dMHX complexes are trans to the M-X bond. We note
here that the CdTi bond is 0.015 Å shorter in the CH2dTiCl2
than in the CH2dTiF2 complex, where fluorine lone pairs have
been suggested to prevent agostic distortion.17

Also, as the group 4 metal atom gets heavier, the Cl-M-Cl
and H-C-H angles both decrease, and the Cl atoms are more
out of the CH2dM plane. However, they are all larger angles
than found for the fluorine analogues.19 Similar to the fluorine
analogues, the HCMCl dihedral angles deviate more from
0°/180° moving down the group 4 transition series (Table 7), a
trend discussed in more detail.19 The CH2dMCl2 complexes
are lower in energy than the individual reactants by 127, 163,
and 157 kcal/mol for Ti, Zr, and Hf, respectively (Table 7).
This is the same order observed for the fluorine analogues, but
the CH2dMCl2 molecules are slightly less stable.19 As the metal
atom becomes larger, it is easier for the chlorine atoms to
withdraw electron density from the metal atom. Hence, the
Mulliken charges on the chlorine atoms become more negative,
while the charges on the metal centers become more positive.

The CH2dMF2 and CH2dMCl2 complexes are symmetrical
and isostructural. The CdM bond lengths are 0.015, 0.015, and
0.013 Å longer in the group 4 difluoride series, respectively.17,19

The stronger inductive effect of fluorine relative to chlorine
appears to weaken slightly the CdM bond. The CH2 wagging
modes in the CH2dMCl2 complexes discussed here are 20, 14,
and 30 cm-1 lower than their CH2dMF2 counterpart values,19

and they exhibit comparable anharmonicities (observed H/D iso-
topic frequency ratios 1.249, 1.255, 1.240, respectively, in the
dichloride series). In contrast the harmonic frequency ratios cal-
culated here for the mode are 1.266, 1.272, and 1.271,
respectively.

We find one difference in structural preference for group 4
metal reaction products with CHF3 and CHCl3. In the case of
Ti the products trapped are the methylidene CHFdTiF2 and the
electron-deficient methylidyne HC÷MCl3, respectively. In the
cases of Zr and Hf, both haloforms form the latter complex.
Finally, we find no evidence for any higher energyR-H transfer
products in these di- and trihalomethane systems.

For the three triplet state HC÷MCl3 complexes, the
Cl-M-Cl angles again become smaller with increasing metal
size (Figure 11 and Table 8). It appears that halogen substitution
for hydrogen in these complexes strengthens the C÷M bond.
The C÷Ti bond length in HC÷TiCl3 is only 0.003 Å longer
than in the ClC÷TiCl3 species,46 indicating a similar bond
strength in the two electron-deficient methylidyne complexes.
However, the computed C÷Zr and C÷Hf bond lengths are 0.029
and 0.024 Å shorter in the trichloride than in the trifluoride
species. The HC÷MCl3 complexes are well-defined triplet
species (〈s2〉 values near 2.0, Table 8). The atomic spin densities
total 2.00 (Figure 11) and show carbon 2p electron sharing
with the metal center, which decreases with metal size as the
C(2p)-M(nd) overlap decreases. Hence, two weak degenerate
π bonds are formed to augment the single C-M bond in these
electron-deficient methylidyne systems. This additionalπ bond-
ing appears to be greater in the ClC÷TiCl3 complex because
of contribution from the single chlorine. The spin densities of
Cl (0.22), C (1.29), Ti (0.34), and 3Cl (0.05) suggest a stronger
π interaction in the latter complex.46

4. Conclusions

Laser-ablated group 4 transition metals react with CH2Cl2
and CHCl3 to form CH2dMCl2 and HC÷MCl3 complexes,
respectively, which are trapped in solid argon. The CH2dMCl2
methylidenes show no agostic distortions and have slightly
shorter computed carbondmetal bonds than the fluorine ana-
logues. The triplet HC÷MCl3 complexes haveC3V molecular
symmetry. The two lone electrons on carbon are partially
donated to the electron-deficient metal center, forming electron-
deficient methyldyne complexes, and thisπ bonding interaction
decreases with increasing metal size.
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(46) The ClC÷TiCl3 structure was optimized at the same theoretical level
as that employed here (Cl-C: 1.630 Å, C÷Ti: 1.946 Å, Ti-Cl: 2.198 Å,
∠CTiCl: 106.3°, ∠ClTiCl: 112.4°).

Table 8. Geometrical Parameters and Physical Constants of
Ground State HC÷MCl 3 (M ) Ti, Zr, Hf) a

parameter HC÷TiCl3e HC÷ZrCl3 HC÷HfCl3

r(C-H) 1.088 1.088 1.086
r(C÷M) 1.949 2.127 2.131
r(M-Cl) 2.192 2.359 2.357
∠(CMCl) 106.2 106.8 107.2
∠(ClMCl) 112.5 112.0 111.7
q(C)b -0.28 -0.42 -0.39
q(H)b 0.18 0.16 0.21
q(M)b 0.71 1.27 1.31
q(Cl)b -0.20 -0.34 -0.38
µc 2.214 1.970 1.872
∆Ed 142 191 194
〈s2〉 2.0104 2.0081 2.0076

a Bond lengths and angles are in Å and deg. All calculations were
performed at the B3LYP//6-311++G(2d,p)/SDD level on the triplet
HC÷MCl3 species inC3V symmetry.bMulliken atomic charge.cMolecular
dipole moment in D.dBinding energy in kcal/mol.eDimensions for the
B3LYP//6-311++G(3df,3pd) all-electron calculation are 1.087, 1.955,
2.199, 106.1, and 112.7, respectively.
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