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Infrared Spectra of Insertion, Methylidene, and Methylidyne Complexes in
Reactions of Laser-Ablated Ruthenium Atoms with Halomethanes and
Methane
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Reactions of laser-ablated Ru atoms with halomethanes and
methane have been investigated. Small carbyne and carbene
complexes or insertion products are produced in the reac-
tions of halomethanes via C-X insertion and halogen mi-
gration, whereas only the insertion complex is formed in the
reactions of methane. The results are consistent with com-
puted product stabilities. The diagnostic C-H and C-X
stretching absorptions of the carbyne complexes are ob-
served on the blue side of the corresponding precursor
bands. The high C-H and C-X stretching frequencies are ex-

plained with the higher s character in hybridization and com-
bination with the C=Ru stretching motion, respectively. The
structures of the carbyne complexes are highly distorted and
show a large variation with the ligands, and the extra elec-
tron pair on the Ru atom evidently plays an important role in
the carbyne. In contrast to early transition-metal analogs, the
Ru carbene complexes show no agostic distortion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The importance of transition metal complexes with a
carbon-metal multiple bond has increased continuously
since their discovery in the 1970s.[''?l Recently transition-
metal complexes containing the carbyne moiety have re-
ceived considerable attention for their bonding properties
as well as their growing applications in various syntheses,
particularly alkyne metathesis.l®! Among the numerous car-
byne complexes provided through a variety of synthetic
routes, a relatively small number of Ru carbynes have been
introduced in comparison with those of Mo, W, and Re
complexes.!'43]

Carbyne complexes containing the simple M=C-H or
M=C-X moiety (M = transition metal) are not common.*!
In addition, the weak but important methylidyne C-H
stretching bands are normally covered by other much
stronger absorptions in this frequency region. As a result,
the carbyne C-H and C-X vibrational characteristics re-
main largely uninvestigated except for the simple MCH
transient species”-8! and the H-C=W ligand complexes.[*-!%!

More recently methylidyne complexes have been pre-
pared in reactions of laser-ablated Mo, W, Re, and Os
atoms with small alkanes and halomethanes.'®!?l The
methylidyne C-H stretching absorptions are observed at ap-
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proximately 200 cm™' above the corresponding precursor

absorption and a trend of increasing frequency with the s
character in the C-H bond is observed.['*!? The low sym-
metry structures of Re carbynes!!? are traced to the Jahn—
Teller effect!! in the simple complexes. The halogenated
derivatives, such as CIC=ReCl; and FC=ReCl;, show ex-
ceptionally high C—X stretching frequencies.['” Similar low
symmetry structures are also observed from small Os com-
plexes.l'!]

The activation of C—H bonds is important in organome-
tallic chemistry.l'Y Recently C-H activation by laser-ablated
transition-metal atoms has been employed to provide small
carbene and carbyne complexes, many of which show
unique structures and reversible photochemistry.['>] Here,
we report the IR spectra of isotopic products from reactions
of laser-ablated Ru atoms with halomethanes and methane.
The insertion, carbene, and carbyne products are identified
depending on the system, and the elusive methylidyne C-H
stretching absorptions are also observed from the hydrogen-
containing carbynes. Computations reveal unique struc-
tures for the products, and the structural effects of the extra
electron pair on Ru are investigated.

Computational Methods

In order to support the assignment of new experimental
frequencies, density functional theory (DFT) calculations
were carried out using the Gaussian 03 package,'®! B3LYP
density functional,['” 6-311++G(3df,3pd) basis sets for C,
H, F, CIl'81 and SDD pseudopotential and basis set!!” for
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Ru to provide a consistent set of vibrational frequencies for
the reaction products. Geometries were fully relaxed during
optimization, and the optimized geometry was confirmed
by vibrational analysis. Several BPW91[2] calculations were
also done to complement the B3LYP results. The vi-
brational frequencies were calculated analytically, and the
zero-point energy is included in the calculation of the bind-
ing energies. Previous investigations have shown the DFT
calculated harmonic frequencies are usually slightly higher
than the observed frequencies,'>?!-??l depending on the
mode anharmonicity, and they provide useful predictions
for infrared spectra of new molecules.

Results and Discussion

Reactions of ruthenium with halomethane and methane
isotopomers were carried out, and the matrix infrared spec-
tra of new products will be compared with frequencies cal-
culated by the density functional theory.

Ru + CF,

Figure 1 illustrates the CF,4 spectra in the C-F and Ru-
F stretching regions. The observed frequencies of the new
absorptions are listed in Table 1. The product absorptions
marked m (for methylidene) increase about 5 and 10% on
visible (4 > 420 nm) and UV (240 < 4 < 380 nm) irradia-
tions, respectively. They increase another 10% on full arc
(4 > 220 nm) irradiation and sharpen up in the early stage
of annealing. The previous studies on reactions of metal
atoms and halomethanes show that insertion, carbene, and
carbyne complexes are the most probable products.['3] In
this case the carbene product is the most stable: the carbene
complex [CF,=RuF,(T)] is 56 kcal/mol more stable than the
reactants while the insertion and carbyne products, CF;—

RuF(T) and FC=RuF5(T), are 35 and 31 kcal/mol, respec-
tively, more stable than reactants at the B3LYP level of
theory.

Ru + CF4

Absorbance —— 0.005

Absorbance —— 0.004

1145 555 525
Wavenumbers (cm™)

175

Figure 1. IR spectra in the regions of 1185-1145 and 565-525 cm™!
for laser-ablated Ru atoms co-deposited with CF, in excess argon
at 8 K and their variation. (a) Lu + 0.5% CF,4 in Ar co-deposited
for 1 h. (b) As (a) after photolysis (4 > 420 nm). (c) As (b) after
photolysis (240 < /1 < 380nm). (d) As (c) after photo-
lysis (A > 220 nm). (¢) As (d) after annealing to 28 K; m denotes
the product absorption.

Moreover the observed m absorptions correlate with the
predicted vibrational characteristics for the carbene com-
plex (CF,=RuF,), which are listed in Table S1 (see Support-
ing Information). The observed m absorptions at 1165.5,
629.8 (not shown), and 544.7 cm™! are assigned to the CF,
anti-symmetric stretching and RuF, anti-symmetric and
symmetric stretching modes of CF,=RuF, as shown in
Table 1. The strongest symmetric CF, stretching absorption
is unfortunately covered by the precursor C-F stretching
band. The predicted vibrational characteristics for the in-

Table 1. Frequencies of product absorptions observed from reactions of Ru and CX,4 molrcules in excess argon.[,

CF4 CF3C1 13CF3C1 CF2C12 CFC13 CC14 13CC14 Description
m covered!®! 1263.6, 1226.4, 1206.1, 1184.7, 957.9, 920.9, CX, sym. str.
CF,=RuFCl '"3*CF,=RuFCl CF,=RuCl, RuClL,=CFCl CCL=RuCl, "3CClL,=RuCl,
1174.9,
CFCI=RuFCl
1165.5, 1142.6, covered!®! 908.7, covered!®! covered!®! CX, asym. str.
CF,=RuF, BCF,=RuFCl RuCl,=CFCl
683.6, 663.3, CX, wag
CC]Z:RUCIZ ! 3CC12:RuC12
629.8, 609.1, 608.3, covered!®! RuX, asym.
CF,=RuF, CF,=RuFCl  '3CF,=RuFCl str.
544.7, 610.3, RuX, sym.
CF,=RuF, CFCI=RuFCl Str.
y 1621.3, 1572.7, 1618.8, 1615.0, 1318.8, 1272.7, C-X str.
FC=RuF,Cl '"3CF,=RuFCl FC=RuFCl, FC=RuCl; CIC=RuCl; CI'3C=RuCl;
1258.4, 1320.2,
CIC=RuF,Cl CIC=RuFCl,
590.5, 598.1, RuXj as. str.
FC=RuFCl, CIC=RuFCl,

[a] All frequencies are in cm™!. Description gives major coordinate. [b] Covered by precursor absorption.
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sertion and carbyne (Table S2) complexes do not match
with the observed m absorptions. For example, the insertion
complex would show two equally strong absorptions at
around 1100 cm™! about 60 cm™! apart, which are not ob-
served. The other vibrational bands of CF,=RuF, are too
weak to be observed (Table S1). Satisfactory agreement be-
tween the observed and predicted vibrational characteristics
substantiates formation of the small carbene tetra-halide,
via C-F insertion and following o-F migration during de-
position and photolysis afterward. The primary formation
of CF,=RuF, also suggests that the a-F migration after C—
F insertion is swift enough that no measurable amount of
the higher energy insertion complex remains and a second
o-F transfer to form the higher energy carbyne does not
happen under these conditions.

Ru + CF3C1

We find CF;Cl to be more reactive than CF,4, and a
sharp new band at 1621.3 cm™! labeled y (for methylidyne)
in Figure 2 increases dramatically on sequential irradiation.
It is significant that the carbon-13 counterpart is observed
at 1572.7cm™!'. A stronger band at 1263.6 cm™! labeled m
(for methylidene) increases about two-fold on irradiation
and shifts to 1226.4 cm™' with carbon-13 substitution and
has a weaker 1142.6 cm™! associated band. The carbon-13
shifts (3.0%) facilitate C—F stretching mode descriptions as
a C-ClI stretch would have a relatively higher shift (3.5%
compared to 3.0%, see Table S2, Supporting Information).
Assignment to the very strong C-F stretching mode in
FC=RuF,Cl follows even though the B3LYP calculation is
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Figure 2. IR spectra in selected regions of 1640-1550, 1280-1210,
1155-1130, and 625-595 cm™! for laser-ablated Ru atoms co-de-
posited with CF;Cl in excess argon at 8 K and their variation. (a)
Ru + 0.5% CF3Cl in Ar co-deposited for 1 h. (b) As (a) after pho-
tolysis (A > 420 nm). (c) As (b) after photolysis (240 < 1 <
380 nm). (d) As (c) after photolysis (4 > 220 nm). (e) As (d) after
annealing to 28 K. (f) Ru + 0.5% '*CF;Cl (90% enriched) in Ar
co-deposited for 1 h. (g) As (f) after photolysis (4 > 420 nm). (h)
As (g) after photolysis (240 < A < 380 nm). (i) As (h) after photoly-
sis (A > 220 nm). (j) As (i) after annealing to 28 K; m and y denote
the product absorption group.
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lower than the observed by 3.6% instead of the other way
around. In earlier work we find the C-F stretching fre-
quency in methylidyne complexes to be high in the appro-
priate region.['2l The strongest C-F stretching mode in
CF,=RuFCl is predicted at 1275.1 cm™' and the observed
m band is in excellent agreement (Table S1). The
1142.6 cm™! band is due to the weaker C—F stretching mode
that is obscured in the carbon-12 compound, and the
609.1 cm™! band is ascribed to the Ru—F stretching mode.

As found for the tetrafluoro system, the carbene com-
plexes are lower in energy than the carbyne complexes. The
CF,=RuFCl isomer is 78 kcal/mol more stable than reac-
tants, and this is the one observed instead of its 14 kcal/
mol higher energy CFCI=RuF, isomer. In like manner the
methylidyne FC=RuF,Cl is 53 kcal/mol lower energy than
reagents, and this isomer is observed as opposed to the
7 kcal/mol higher energy CIC=RuF; form.

Ru + CF2C12

Shown in Figure 3 are the CF,Cl, spectra in the C-F, C-
Cl, and Ru-F stretching regions. Due to the presence of the
two different halogen atoms in the precursor, more than
one structural isomer is possible for each reaction product.
The m absorptions at 1206.1 cm ! in the C-F stretching re-
gion remains unchanged on visible photolysis and increases
about 7% on UV photolysis. It increases another 7% on
full arc photolysis and decreases fast on annealing. On the
other hand the m’ absorptions at 1174.9 and 610.3 cm™!
increase 5 and 20% on visible and UV photolysis, respec-
tively. They also increase 15% on full arc photolysis. The
absorptions of possible CF,Cl, fragments (e.g., CF,, CFCI,
and CCl,) are not observed. [23-23]

Similar to the Ru + CF, system, DFT calculations show
that the insertion complexes are less stable relative to the
carbene and carbyne complexes; CFCl,-RuF(Q) and
CF,CI-RuCI(Q) are 44 and 58 kcal/mol lower in energy
than the reactants, whereas CF,=RuCl,(T), CFCI=RuFClI-
(T), and CCl,=RuF, are 99, 84, and 73 kcal/mol lower, and
FC=RuFCI,(T) and CIC=RuF,CKT) are 75 and 67 kcal/
mol lower in energy than the reactants.

The strong m and m’ C-F stretching bands around
1200 cm™! suggest that they originate from carbene prod-
ucts with C-F bonds. We assign the m absorption at
1206.1 cm™! to the symmetric CF, stretching mode of
CF,=RuCl, on the basis of correlation with the predicted
value (1271 cm™! frequency from Table S1).21:221 However,
the antisymmetric stretching band predicted at 1124 cm™!,
the other observably strong absorption from CF,=RuCl,, is
unfortunately overlapped by a precursor absorption. The
m’ absorptions at 1174.9 and 610.3 cm™! are assigned to the
C-F and Ru-F stretching modes of CFCI=RuFClI on the
basis of a reasonable agreement with the predicted values.
The C—Cl stretching absorption is covered by a strong pre-
cursor band. All other bands of CF,=RuCl, and
CFCI=RuFClI in our instrumental range are too weak to be
observed.
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Ru + CF,Cl,
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Figure 3. IR spectra in the regions of 1640-1600, 1280-1240, 1215-
1165, and 620-580 cm! for laser-ablated Ru atoms co-deposited
with CF,Cl, in excess argon at 8 K and their variation. (a) Ru +
0.5% CF,Cl, in Ar co-deposited for 1 h. (b) As (a) after photolysis
(4 > 420 nm). (c) As (b) after photolysis (240 < A < 380 nm). (d)
As (c) after photolysis (4 > 220 nm). (¢) As (d) after annealing to
28 K; m, m’, y, and y’ denote the product absorption group.

The y product absorptions at 1625.2, 1618.8, and
590.5 cm™! remain unchanged on visible photolysis but tri-
ple on UV photolysis and increase slightly more on full arc
photolysis. On the other hand, the y’' absorption at
1258.4 cm™! increases about 30 and 10% on UV and full
arc photolysis, respectively. We designate the y absorptions
at 1625.2 and 1618.8 cm™! (split by the matrix) to the C-F
stretching mode of FC=RuFCl, on the basis of the excep-
tionally high C-F stretching frequencies,!'?! and the one at
590.5 cm™! to the Ru—F stretching mode. The other absorp-
tions of FC=RuFC(l, are predicted too weak to be observed
(Table S2, Supporting Information). The initially weak y
absorptions and dramatic increases on photolysis afterward
indicate that the formation of FC=RuFCl, is less favored
during deposition, but it is initiated by photolysis.

The y' product absorption at 1258.4 cm™! is on the other
hand assigned to the C-Cl stretching mode of
CIC=RuF,Cl. The carbyne C-CI stretching frequency is
also unusually high in comparison with the precursor C-Cl
stretching frequencies and the most C-Cl stretching bands
appearing in the region of 785-540 cm™!. The remarkably
high C-F and C-CI stretching frequencies of the carbyne
complexes are due to coupled C-X and C-Ru stretching
motions. Mode analyses describe the high “C-X stretching
mode” as the antisymmetric X—C-Ru stretching mode. The
present results also show that CIC=RuF,Cl, which is pre-
2540
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dicted 8 kcal/mol higher energy than FC=RuFCl,, is pri-
marily formed in the reaction of the laser ablated/excited Ru
atoms with CF,Cl, during co-deposition, suggesting that F
migration is faster relative to the Cl migration under the
conditions of these experiments.

Ru + CF2C12 g CFClz—RUF* b CCIZZRUFZ* —>
CIC=RuF,Cl

In the following photolysis, however, the lower energy
FC=RuFCl, isomer is produced much faster (the absorp-
tions triple) on UV photolysis than CIC=RuF,Cl, whose
absorption barely increases. The present results also show
that parallel to Cr, Mo, W,I'l Re, and Os,[''!?l Ru forms
carbyne complexes in reaction with tetrahalomethanes.

Ru + CFC13

Figure 4 shows the CFCl; spectra in the C-F, C-Cl, and
Ru-F stretching regions. Two sets of product absorptions
marked “m” and “y” are observed on the basis of the be-
haviors on photolysis (m and y for methylidene and methyl-
idyne). Calculations show that the insertion complex is ex-
pected far less stable than the carbene and carbyne com-
plexes; CFCl,—RuCl and CCls—RuF are 63.4 and 51.0 kcal/
mol lower in energy than the reactants.

Ru + CFCl,
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Figure 4. IR spectra in the regions of 1645-1595, 1340-1300, 1205-
1175, 915-900, and 610-585 cm ™' for laser-ablated Ru atoms co-
deposited with CFCl; in excess argon at 8 K and their variation.
(a) Ru + 0.5% CFCl; in Ar co-deposited for 1 h. (b) As (a) after
photolysis (4 > 420 nm). (c) As (b) after photolysis (240 < 1 <
380 nm). (d) As (c) after photolysis (A > 220 nm); m, y, and y’
denote the product absorption groups.
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The m product absorptions increase about 20% on vis-
ible photolysis, but dramatically decrease on UV irradia-
tion. They partly recover on the subsequent visible photoly-
sis and increase slightly further in the early stage of anneal-
ing. The product’s C-F stretching absorption at
1184.7 cm™! suggests formation of a methylidene product
with a C-F bond, and we assign the m absorptions at
1184.7 and 908.7 cm™! to the C-F and C-Cl stretching
modes of CFCI=RuCl,. CFCI=RuCl, is 105 kcal/mol lower
in energy than the reactants. CCl,=RuFCl, another plaus-
ible carbene product, is 92 kcal/mol lower and is not iden-
tified in the product spectra.

The two y absorptions at 1626.4 and 1615.0 cm™! (split
by the matrix) slightly decrease on visible photolysis but
double on UV photolysis. They again slightly decrease on
full arc photolysis and sharpen up at the early stage of an-
nealing. The two y’ absorptions, on the other hand, are
observed at 1320.2 and 598.1 cm!. They remain unchanged
on visible photolysis, but more than triple on UV photolysis
and increase another 200% on full arc irradiation (quintu-
ple in total). The unusually high C-F stretching and C-Cl
stretching frequencies of the y and y’ absorptions signify
formation of carbyne products. We assign the y absorptions
at 1626.4 and 1615.0 cm™! to the C-F stretching mode of
FC=RuCl; and the y’ absorptions at 1320.2 and 598.1 cm™!
to the C—Cl and Ru-F stretching modes of CIC=RuFClL,.
The carbyne isomers FC=RuCl; and CIC=RuFCl, are 96
and 88 kcal/mol lower energy, respectively, than the reac-
tants.

Ru + CCl,

Shown in Figure 5 are the CCl, and '*CCl, spectra in
the C—Cl stretching regions. The CCly spectra are fairly sim-
ple. The relatively weak m absorption at 683.6 cm™! has its
13C counterpart at 663.3 cm'. Another m absorption is ob-
served at 957.9cm™! in a congested area with precursor
bands, and its '3C counterpart at 920.9 cm™! (both not
shown). The insertion product [CCl;-RuCl(Q)], which is
69 kcal/mol lower than the reactants, is expected far less
stable than the carbene and carbyne complexes, which are
111 and 108 kcal/mol lower than the reactants. Moreover,
CCl;-RuCl would show two strong absorptions near
650 cm™!, which are not observed in this study. The pre-
dicted vibrational characteristics of the carbyne complex
(Table S2) also do not match with the m absorptions. We
assign the m absorptions at 957.9 and 683.6 cm™! to sym-
metric and anti-symmetric CCl, stretching modes of
CClL,=RuCl, (Table S1). This reasonable correlation be-
tween calculated and observed frequencies®'->?! supports
the formation of CH,=RuCl,.

A very strong product absorption marked “y” is ob-
served at 1318.8cm™ and its '*C counterpart at
1272.7 cm ! with 46.1 cm! shift. The high frequency C-
Cl stretching absorption signifies formation of the carbyne
product, CIC=RuCl;. Table S2 shows that the strong C-Cl
stretching band is predicted at 1276.9 cm™! with '3C shift of
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Figure 5. IR spectra in the regions of 13501230 and 700-650 cm !
for laser-ablated Ru atoms co-deposited with CCl, and '*CCl, in
excess argon at 8 K and their variations. (a) Ru + 0.5% CCly in Ar
co-deposited for 1 h. (b) As (a) after photolysis (1 > 420 nm). (c)
As (b) after photolysis (240 < A < 380 nm). (d) Ru + 0.5% '*CCl,
in Ar co-deposited for 1 h. (¢) As (d) after photolysis (A > 420 nm).
(f) As (e) after photolysis (240 < /2 < 380 nm); m and y denote the
product absorption groups.

453 cm™'. Our calculation predicts a 2.2 cm™! chlorine 35
to 37 shift, which is manifest as an unresolved shoulder in
the spectra of Figure 5. Parallel to the CF,Cl, and CFCl;
cases, the B3LYP frequency for the carbyne C—Cl stretching
mode is very close to the observed values. Table S2 also
shows that the other bands are expected too weak to be
observed in our observation range.

The present results reveal that all the tetrahalomethanes
produce the carbynes and/or with the carbenes in reaction
with Ru atoms, while the higher energy insertion products
are not identified. This is traced to the higher energy of
the insertion complex relative to the higher oxidation-state
complexes. Evidently the carbyne product is favored with
more chlorine atoms (less fluorine atoms) in reactions of
mixed halogenated methane, due to the increasing stability
of the carbyne product relative to the insertion and carbene
products.

However, the carbynes are predicted less stable than the
carbenes even in the CCly system, where the carbyne com-
plex is the primary product. The C—Ru bond is more polar-
ized in a higher oxidation-state complex. For example, the
Mulliken charges of the carbon and ruthenium atoms in
CCl3-RuCl, CCl,=RuCl,, and CIC=RuCl; are —0.53 and
1.76, —0.58 and 2.47, and —0.76 and 2.80, respectively. Be-
cause a more polarized bond is most likely stabilized more
by the matrix, a higher oxidation-state complex is expected
to be favored. Moreover, a higher oxidation-state complex
has more Ru—-X bonds, which are more polarized than the
C-X bonds. Therefore, the actual energy of a carbyne prod-
uct could well be lower in the matrix than those of other
products, which in turn leads to the major formation of that
product in tetrahalomethane systems.

Structures of Tetrahalomethane Products
Figure 6 shows the predicted structures of tetrahalocarb-

enes in their ground triplet states, where CCIl,=RuCl,,
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Figure 6. Optimized molecular structures of small Ru methylidene
and methylidyne tetra-halide complex in the ground electronic states.
The structures are calculated with B3LYP/6-311++G(3df,3pd) and
the SDD core potential and basis set are used for Ru. CF,=RuF,,
CF,=RuCl,, and CCl,=RuCl, have a C,, structure, and CFCI=RuCl,
has a C; structure. FC=RuF;, FC=RuCl;, and CIC=RuCl; have C,
structures and the others have a C, structure. The bond lengths and
angles are in A and degrees.
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CF,=RuCl,, and CF,=RuF, have C,, structures. These al-
lene-type structures may be compared to the agostic, near
planar structures of most small methylidenes identified
from reactions of early transition metals with methane and
methyl halides.['>] The absence of agostic distortion reveals
the importance of the ligand effects on the carbene struc-
ture: no agostic structure was computed for small doubly or
more highly halogenated small methylidenes.?®! The metal
center electronic structure is also important as CH,=RuH,
is also calculated to be symmetrical.l?”]

The carbene C=Ru bond lengths of 1.812-1.820 A (Fig-
ure 5) are compared with those of 1.796(3) and 1.839(3) A
measured for (H,IMes)(PCy;z)Cl,Ru(=C=C=CPh,) and
[Ru(CH-p-C¢H4CI)(PCy3),Cl,].28 The C=Ru and Ru-Cl
bonds shorten with more chlorine atoms in the carbene
structure. The lower electronegativity of chlorine relative to
that of fluorine is expected to allow more electron density
in the C=Ru and Ru-CI bonds, which strengthens these
bonds in the carbene complexes.

Figure 6 also illustrates the optimized structures of the
small carbyne tetrahalides. The carbyne C=Ru bond
lengths of 1.699-1.718 A are compared with that of
1.7178(16) measured for [Ru(CPh)(O-p-CsH4-tBu)-
(PCys3),].281 The carbynes as well as the corresponding
carbenes prepared from tetrahalomethanes all have triplet
ground states. The low symmetries of the carbynes are per-
haps surprising. FC=RuF;, FC=RuCl;, and CIC=RuCl,
have C; structure, and the carbynes with mixed halogen
atoms all have a C; structure. The most distorted is the
structure of FC=RuF;, where F-C—Ru angle is 159° and
one of the F atoms bonded to Ru is inclined much more
than the other two (angle F~Ru-F 93.6° vs. 150.6°). The
C, structures of CIC=RuF,Cl, FC=RuFCl,, and
CIC=RuFCl, are also interesting. The two Ru-F bonds in
CIC=RuF,Cl as well as the two Ru—Cl bonds in the other
two are not the same.

Figure 7 shows the HOMOs of the CH,=RuF,,
CCl,=RuCl,, FC=RuF;, CIC=RuF,Cl, CIC=RuFCl,, and
CIC=RuCl;. The extra electron pair on Ru evidently plays
an important role in the structure of the carbyne complex.
Notice the nodal planes between the halogen atoms. The
lone electron pair on Ru provides anti-bonding character
between the two halogen atoms bonded to the Ru atom in
the carbene complex, pushing them apart (angle X-Ru-X
180°). Similarly the halogen atoms bonded to the carbon
atom are also push away each other and from the halogen
atoms bonded to the Ru atom, eventually forming an al-
lene-type structure.

Likewise, two halogen atoms among the three bonded to
the Ru atom in the carbyne complexes are pushed away
from each other due to the extra electron pair on Ru, lower-
ing the symmetry @(FRuCF), ¢(CIRuCF), ¢(CIRuCF),
#(FRuCCl), ¢(CIRuCCl), and ¢(CIRuCCl) are 157.8, 150.8,
151.6, 149.0, 146.5, and 141.2°, respectively. It is also inter-
esting that the stronger repulsion between a fluorine and a
chlorine atoms (not between the same atoms) in the car-
bynes with mixed haloen atoms leads to a C,; structure.
Considerable distortions by the extra electron(s) on the
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Figure 7. The HOMOs of CF,=RuF,, CCl,=RuCl,, FC=RuF;,
CIC=RuF,Cl, CIC=RuFCl,, and CIC=RuCl; in their triplet
ground states looking from the Ru side. Notice the nodal planes
between the halogen atoms. The extra electrons on the Ru atom
contribute bonding and anti-bonding characters between halogen
atoms, and thereby the extra electrons greatly affect the structure
of the complex. Notice the allene-type carbene structure and the
two carbyne halogen atoms bonded to Ru push apart, lowering the
molecular symmetry.

metal atom are also observed from small Re and Os
carbyne complexes, such as methylidyne trihydrides,
HC=MH;.l'""l The metal-hydrogen bonds are not the same:
one is much longer and more inclined, resulting in observa-
tion of a strong Os—H stretching absorption with unusually
low frequency.

Ru + CHCI 3

Infrared spectra of the products from Ru and CHCl; iso-
topomer reactions in the C-H stretching, C-D stretching,
and HCRu bending regions are illustrated in Figure S1
(Supporting Information). The m absorptions increase
about 20% on visible photolysis but are almost depleted on
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UV photolysis. They recover to about 40% of the original
intensity on a second visible photolysis, but decrease again
on the following UV irradiation. On the other hand, y ab-
sorptions are relatively much weaker. They decrease 10%
on visible photolysis but increase about 30% on UV irradi-
ation. As a result, the m and y absorptions show a photo-
reversible pattern on alternating visible and UV UV photo-
lysis, suggesting that the m and y absorptions arise from
two products which are photochemically inter-convertible
analogous to several other methane and halomethane sys-
tems.[3]

Parallel to the tetrahalomethane cases described above,
the insertion product is much less stable than the carbene
and carbyne products; CHCl,—RuCl(Q), CHCI=RuCl(T),
and HC=RuCl;(T) are 62, 98, and 90 kcal/mol lower in en-
ergy than the reactants, respectively. The observed fre-
quencies of the m and y absorptions are summarized in
Table 2. Strong m absorptions are split by the matrix as are
their '3C counterparts (!>C/'3C ratios of 1.006, 1.006, and
1.007). They are designated to A’ HCRu bending mode of
CHCI=RuCl, on the basis of the frequencies and good
agreement with the predicted value (Table S3). The inser-
tion and carbyne complexes do not have strong bands in
this region.

Strong m absorptions are also observed at 870.6 and
862.9 cm !, the D counterpart at 761.5 cm ! (not shown, H/
D ratio of 1.133), and the '3C counterparts at 846.0 and
837.3 cm™! (12C/'3C ratios of 1.029 and 1.031). They are
assigned to the C—Cl stretching mode on the basis of the
frequencies and a relatively small D and a substantial '3C
shifts. Another m absorption at 701.8 cm™! (not shown) has
its D counterpart at 580.6 cm™! (H/D ratio of 1.209), but
the '3C counterpart is believed covered by a precursor ab-
sorption. It is assigned to the A" HCRu bending mode of
CHCI=RuCl,. The observed frequencies correlate with the
predicted frequencies (Table S3) and substantiate formation
of the methylidene product, CHCI=RuCl,.

A weak y absorption is observed at 3065.3 cm™! in the
C-H stretching region and the D counterpart at
2312.4 cm™! (H/D ratio of 1.326), but the '3C counterpart
is unfortunately covered by a precursor band. The high C-
H stretching frequency suggests a multiple carbon-ruthe-
nium bond providing higher s character to the C-H
bond.[%?°] We assign the y absorption at 3065.3 cm™! to the
C-H stretching band of HC=RuCl;. Another y absorptions
is observed at 586.1 cm™!, and its D and '*C counterparts
at 470.7 and 571.7 cm™' (H/D and '>C/'3C ratios of 1.245
and 1.025). On the basis of the frequency and large D shift,

Table 2. Frequencies of product absorptions observed from reactions of Ru and CHCl; isotopomers in excess argon.[

CHCl, CDCl, BCHCl;4 Description
m 1158.6, 1153.3, 1143.5 covered!®! 1151.8,1146.1, 1135.8 A’ HCRu bend
870.6, 862.9 761.5 846.0, 837.3 A’ C-Cl str.
701.8 580.6 covered!®! A’" HCRu bend
y 3077.7 2294.7 covered A, C-H str.
586.1 470.4 571.7 E HCRu bend

[a] All frequencies are in cm™!. Description gives major coordinate. [b] Covered by precursor absorption.

Eur. J. Inorg. Chem. 2008, 2537-2549

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2543

www.eurjic.org



FULL PAPER

H.-G. Cho, L. Andrews

it is assigned to the degenerate HCRu bending mode of
HC=RuCl;. Table S4 shows that the C—H stretching and
HCRu bending bands are in fact the strongest ones pre-
dicted in our observation range. This agreement between
the observed and predicted vibrational characteristics sup-
ports formation of the Ru carbyne complex.

Ru + CH2F2

Figure 8 shows the CH,F, and CD,F, spectra, and the
m product absorptions are much stronger relative to the y
absorptions. The m absorptions increase slightly (less than
5%) and about 20% on visible and UV photolysis, respec-
tively. They increase further 5% on full arc photolysis. The
y absorptions decrease slightly (= 10%) on visible irradia-
tion but increase about 20% on UV photolysis and further
increase 10% on subsequent full arc photolysis.

Ru + CH,F,
m m
M
y
w -/‘J \M(h)
Y dj (9)
I .._._/'J J‘AJ \l\.,-/\/\/\_,/\'\_h,_,(f)
s gl g A AV UNAYIS
o o = m
I J1pm=
8| F 8!\)\\M 3 y ym
g 8 g (d)
2 2 2
2 g 2 (c)
’\j\/ N‘\n/\/‘\/m(b)
W N
(@)

3060 3040 840 8

N

0 680 640 600
Wavenumbers (cm’')

Figure 8. IR spectra in the regions of 3060-3040, 850-820, and
690-570 cm ™! for laser-ablated Ru atoms co-deposited with CH,F,
and CD,F, in excess argon at 8 K and their variation. (a) Ru +
0.5% CH,F; in Ar co-deposited for 1 h. (b) As (a) after photolysis
(4 > 420 nm). (c) As (b) after photolysis (240 < A < 380 nm). (d)
As (c) after photolysis (4 > 220 nm). (e¢) Ru + 0.5% CD,F, in Ar
co-deposited for 1 h. (f) As (e) after photolysis (4 > 420 nm). (g)
As (f) after photolysis (240 < 4 < 380 nm). (h) As (g) after photoly-
sis (A > 220 nm); m and y denote the product absorption groups;
P and ¢ show the precursor band and common absorption in the
CH,F, spectra.

Similar to the tetra- and trihalomethane cases, the
insertion product is less stable than the carbene and car-
byne complexes. CH,F-RuF(Q), CH,=RuF,(T), and
HC=RuHF,(S) are 36, 60, and 51 kcal/mol lower than the
reactants, respectively. A strong m absorption is observed
at 837.5cm ! and its D counterpart at 677.0 cm ' (H/D ra-
tio of 1.237). The frequency and large D shift lead to an
assignment to the CH, wagging mode of CH,=RuF,. Cal-
2544
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culation results also show that the insertion and carbyne
(Table S6, Supporting Information) products would not
have observably strong bands in this frequency region. An-
other strong m absorption at 636.6 cm™! has its D counter-
part at 629.1 cm™! (H/D ratio of 1.022) is assigned to the
anti-symmetric RuF, stretching mode on the basis of the
frequency and the relatively small D shift. The m absorp-
tion at 590.0 cm™! has its D counterpart at 590.7 cm™! and
is assigned to the symmetric RuF, stretching mode. The
observed frequencies are consistent with the predicted fre-
quencies of the strongest (Table S5) substantiates formation
of CH,=RuF..

The y absorption at 3049.4 cm™' on the blue side of the
precursor C-H stretching band is most probably the C-H
stretching band of HC=RuHF,, but unfortunately the D
counterpart is covered by a precursor band. Another y ab-
sorption observed at 622.6 cm™! has its D counterpart at
619.6 cm™! (H/D ratio of 1.005), and due to its small D
shift, it is assigned to the RuF, anti-symmetric stretching
mode. The y absorption observed at 596.6 cm™! is assigned
to the RuF, symmetric stretching mode while its D counter-
part is believed covered by other spectra features. The ob-
served y absorptions, consistent with the computed vi-
brational characteristics, support the formation of
HC=RuHF,.

Ru + CH,FCl

Shown in Figure S2 are the CH,FCl and CD,FCl spectra
in the C-H stretching, CH, wagging, and the low frequency
regions. Here, the m absorptions are relatively stronger.
They increase about 10% on the first visible irradiation, but
decrease 40% on subsequent UV photolysis, and increase
about 25% on the following visible photolysis, but decrease
on the next UV photolysis. In contrast the y absorptions
decrease to a half in intensity on visible irradiation, but
increase 70% on subsequent UV photolysis (20% increase
from the original intensity). They again decrease to a half
on the following visible photolysis and recover in the next
UV irradiation. These alternating changes in intensity on
visible and UV photolysis again revealed a photo-reversible
system, suggesting that the m and y absorptions originate
from products inter-convertible by a-H transfer.[!*]

Ru + CH,FCl — CH,Cl-RuF* or CH,F-RuCl* —
CH,=RuFCl <> HC=RuHFCl

The plausible insertion complexes are again less stable
than the carbene and carbyne complexes; CH,Cl-RuF(T),
CH,F-RuCI(T), CH,=RuFCI(T), and HC=RuHFCI(S) are
54, 54, 73, and 64 kcal/mol lower in energy than the reac-
tants. The m absorption at 884.3 cm™! has its D counterpart
at 678.4 cm™' (H/D ratios of 1.304) and is assigned to the
CH, wagging mode of CH,=RuFCl on the basis of the fre-
quency and large D shift. The strong m absorption at
609.2 cm! shows a D shift of only —0.8 cm™!' (H/D ratio of
1.001) and is assigned to the Ru-F stretching mode due to
the small D shift. A weak m absorption is also observed at
1341.2 cm™! and assigned to the CH, scissoring mode. The
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observed absorptions are in fact the bands predicted strong-
est (Table S6), and the good agreement between the ob-
served and predicted frequencies substantiates formation of
CH,=RuFCl.

The y absorption at 3064.0 cm ™! is assigned to the C-H
stretching mode of HC=RuHFCI while the D counterpart
is believed covered by a precursor band. The y absorption
at 637.1 cm! is assigned to the HRuC bending mode on
the basis of its frequency while the D counterpart located
too low in frequency is not observed. Another y absorption
at 589.1 cm! shows a D shift of —6.3 cm™! (H/D ratio of
1.011) and is assigned to the Ru-F stretching mode. The
observed frequencies show a good agreement with the cal-
culated values and support the formation of the carbyne
complex, HC=RuHFCI.

Ru + CH2C12

The spectra of CH,Cl, isotopomer reaction products are
given in Figure S3. The relatively stronger m absorptions
increase almost 30% on visible photolysis, but decrease
about 70% on UV irradiation, and recover to the original
intensity on the following visible photolysis. Again the y
absorptions show opposite change in intensity on photoly-
sis; and these two products are photo-reversible through -
H transfer.

Ru + CH,Cl, — CH,Cl-RuCl* — CH,=RuCl, <>
HC=RuHCl,

The insertion complex is again less stable than the
carbene and carbyne complexes; CH,CI-RuCl(T),
CH,=RuClI,(T), and HC=RuHCI,(S) are 67, 84, and
78 kcal/mol lower in energy than the reactants. The m ab-
sorption at 1333.9 cm™! (Table 3) has its '*C counterpart at
1325.6 cm™!, but the D counterpart is covered by a precur-
sor absorption. It is assigned to the CH, scissoring mode
of CH,=RuCl, on the basis of the frequency and isotopic
shifts. The strong m absorption at 848.3 cm™' shows D and
13C isotopic shifts of —=172.2 and —7.9 cm™! (H/D and '>C/
13C ratios of 1.255 and 1.009), respectively, and is assigned
to the CH, wagging mode on the basis of the frequency
and isotopic shifts. The m absorption at 411 cm™!, close to
our observation limit, has its D and '3C counterparts at 406
and 411 cm™! (all not shown) and it is assigned to the Ru—Cl

European Journal
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anti-symmetric stretching mode. The observed frequencies
correlate with the computed values and support the forma-
tion of CH,=RuCl,.

A broad y absorption at 3056.7 cm™! has its D and 3C
counterparts at 2299.6 and 3043.3 cm™! (H/D and '2C/'3C
ratios of 1.329 and 1.004), respectively, and it is assigned
to the C-H stretching mode of HC=RuHCl,. A weak y
absorption is observed at 618.5 ¢cm™! and the '3C counter-
part at 617.1 cm™'. It is assigned to the A’ HCRu bending
mode while the D counterpart located too low in frequency
to observe. Another weak y absorption at 592.6 cm™!' with
its D counterpart at 464.5 cm™! is assigned to the A” HCRu
bending mode.

Carbyne C-H Stretching Band

The diagnostic carbyne C-H stretching absorptions of
the Ru complexes are observed in the CHCl;, CH,F,,
CH,FCl, and CH,Cl, spectra. The small methylidyne com-
plexes with no interfering ligand chromophores and the
simple precursor absorptions in this region allow observa-
tion of the weak but important C—H stretching band of the
H-C=M moiety.”' The frequencies about 200 cm !
higher than those of saturated hydrocarbons signify the ad-
jacent carbon-rutheium triple bond, which increases the s
character of the C-H bond.*”! The close relation between
the methylidyne C-H stretching frequency and the amount
of s character was examined in the previous Re and Os
studies.['!]

The NBO?Y s characters of the Ru carbyne C-H bonds
of HC=RuCl;, HC=RuHF,, HC=RuHFCI, and
HC=RuHCl, (50.92, 49.95, 48.30, and 47.89%) are con-
siderably higher than that of ethane (23.46%) and consis-
tent with the observed high frequencies of 3065-3049 cm™!.
The s characters of the small Ru carbyne complexes, how-
ever, are in fact even higher than that of acetylene (47.82 %),
whose antisymmetric C-H stretching frequency is
3284 cm™! and the IR-inactive symmetric stretching mode
is even 90 cm™! higher.*!1 The trends between the carbyne
C-H stretching frequency and the s character observed in
the studies of reactions of Re and Os with methane and
methyl halides!' ' do not appear to hold for these Ru multi-
halocarbynes.

Table 3. Frequencies of product absorptions observed from reactions of Ru and CH,X, isotopomers in excess argon.[l

CH2F2 CD2F2 CH2FC1 CDzFCI CH2C12 CD2C12 13CH2C12 DeSCriptiOn
m 1333.9 covered!®! 1325.6 CH, scis.
837.5 677.0 844.3 678.4 848.3 676.1 840.4 CH, wag
636.6 629.1 609.2 608.4 410.8 405.9 412.9 RuX, asym. str.
590.0 590.7 RuX, sym. str.
y 3049.4 covered!®! 3064.0 covered!®! 3056.7 2299.6 3043.3 C-H str.
637.1 618.5 617.1 HRuC bend
592.6 464.5 HCRu bend
622.6 619.6 589.1 582.8 RuF, asym. str.
596.7 covered!®! RuF, sym. str.

[a] All frequencies are in cm™!. Description gives major coordinate. m and y stand for methylidene and methylidyne products, respectively.

[b] Covered by precursor absorption.
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Structures of Tri- and Dihalomethane Products

Figure S4 (Supporting Information) illustrates the opti-
mized structures of carbenes and carbynes prepared in reac-
tions of Ru with tri- and dihalomethanes. The structures of
the carbenes are similar to those of carbene tetrahalides
shown in Figure 6. The carbyne HC=RuCl5(T) reveals the
only Cs, structure. The other carbynes all have substantially
distorted structures, and the most distorted is the difluoro
carbyne (HC=RuHF>,). In the dihalocarbyne structures, the
H-Ru bond is inclined to the carbon atom, and the H, C,
Ru, and two halogen atoms form a nearly planar structure
[#(FRuCF), ¢(CIRuCF), and ¢(CIRuCCl) are 170.9, 171.2,
and 172.3°, respectively]. Substitution of the chlorine atom
bonded to the carbon atom with hydrogen greatly reduces
the carbon-ruthenium bond length; the C=Ru bonds of the
di- and trihalocarbynes are considerabley shorter (= 0.05 A)
than those of tetrahalocarbynes shown in Figure 6.

The HOMOs of HC=RuCl3(T), HC=HRuF,(S),
HC=RuHFCI(S), and HC=RuHCI,(S) illustrated in Figure
S5 show that the extra electron pair greatly affects the struc-
tures of the carbyne complexes. The nodal planes intersect
the X-Ru—X bonds, providing anti-bonding character and
pushing the two halogen atoms apart, explaining the near
planar structure formed by H, C, Ru, and two halogen
atoms. This shows again how important the extra electrons
on the metal atom are in determining the structure of the
complex.

Ru + CH3F

Figure 9 depicts the CH5F spectra for product absorp-
tions including the Ru-F stretching region. The i absorp-
tions decrease to one third of original intensity on visible
irradiation and recover on UV photolysis. The y absorp-
tions increase 60% on the first visible irradiation and an-
other 60% on the following UV irradiation. They increase
50% more in the subsequent visible photolysis and remain
unchanged in the next UV irradiation.

Unlike the di-, tri-, and tetrahalomethane cases described
above, the insertion and carbyne complexes are more stable
than the carbene complex in the Ru + CH5F system; CH;—
RuF(Q), CH,=RuHF(T), and HC=RuH,F(S) are 49, 39,
and 45 kcal/mol lower in energy than the reactants. The i
absorption at 574.2 cm™! (Table 4) shows very small D and
13C isotopic shifts of —2.1 and —0.6 cm™" and is assigned to
the Ru—F stretching mode of the insertion product, CH;—
RuF. The carbene and carbyne complexes would give much
larger isotopic shifts for the Ru-F stretching mode and the
predicted frequencies also do not match (Tables S7-S9).
The weak absorption at 547.5 cm™! observed between the
stronger y absorptions has a D counterpart at 468.8 cm™!
(H/D ratio of 1.168) and is designated to the C—Ru stretch-
ing mode of CHs—RuF. Another i absorption at 519.4 cm™!
shows a '3C shift of —13.6 cm™! and is assigned to the A’
CHj; rocking mode. The observed vibrational characteristics
consistent with the calculated values for CHs—RuF (Table
S7) support the formation of the insertion product.
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Figure 9. IR spectrum in the region of 630-500 and 480-450 cm™!
for laser-ablated Ru atoms co-deposited with CH;F isotopomers in
excess argon at 8 K and their variation. (a) Ru + 0.5% CH;F in
Ar co-deposited for 1 h. (b) As (a) after photolysis (4 > 420 nm).
(c) As (b) after photolysis (240 < A < 380 nm). (d) As (c) after
photolysis (4 > 420 nm). (e) As (d) after photolysis (240 < 1 <
380 nm). () Ru + 0.5% '3CH3F in Ar co-deposited for 1 h. (g) As
(f) after photolysis (240 < 4 < 380 nm). (h) As (g) after photolysis
(4 > 420 nm). (i) As (h) after photolysis (240 < A < 380 nm). (j)
As (i) after photolysis (4 > 420 nm). (k) Ru + 0.5% CDsF in Ar
co-deposited for 1 h. (I) As (k) after photolysis (4 > 420 nm). (m)
As (1) after photolysis (240 < 2 < 380 nm). (n) As (m) after photo-
lysis (2 > 420 nm). (0) As (n) after photolysis (240 < A < 380 nm);
i and y denote the product absorption groups.

Table 4. Frequencies of product absorptions observed from reac-
tions of Ru and methyl fluoride in excess argon.[3!

CH,F CDsF BCH,F Description

i 574.2 572.1 573.6 A' Ru-F str.
547.5 468.8 A' C-Ru str.
519.4 505.8 A' CH; rock

y 607.1 596.5 606.8 A’ Ru-F str.
595.4 595.0 A'" RuH, twist
549.8, 543.6, 549.6, 543.4, A’ RuH, wag
536.8 536.5

[a] All frequencies are in cm™!. Description gives major coordinate.
i and y stand for insertion and methylidyne products, respectively.

The strong y absorption at 607.1 cm™! shows D and '3C
shifts of —10.6 and —0.3 cm™' and is assigned to the Ru-F
stretching mode of the carbyne complex (HC=RuH,F) on
the basis of the small isotopic shifts and a good agreement
with the calculated values (Table S9). The observed y ab-
sorptions do not fit with the predicted vibrational charac-
teristics for the insertion and carbene products (Tables S7
and S8). The relatively weak y absorption at 595.4 cm™! has
its 13C counterpart at 595.0 cm™!, but the D counterpart is
too low in frequency to observe. We assign it to the A’
RuH, twisting mode of HC=RuH,F. A group of y absorp-
tions split by the matrix are observed at 549.8, 543.6,
536.8 cm™! with the '3C counterparts at 549.6, 543.4,
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536.5cm™!, and the D counterparts are again too low in
frequency to observe. The frequencies and the small 3C
and large D shifts lead to an assignment to the ReH, wag-
ging mode. While the C—H stretching absorption of the car-
byne product is not observed, most probably due to mask-
ing by the precursor C—H band. The observed vibrational
characteristics in the low frequency region match very well
with the computed values for HC=RuH,F(S), supporting
formation of the carbyne complex.

Ru + CH,

Figure 10 illustrates the CH,4 reaction product spectra in
the Ru—H and Ru-D stretching regions. Unlike the halo-
methane systems, only one type of absorptions marked “i”
are observed. The broad, relatively strong absorption at
1918.1 cm™' (Table 5), overlapped with the weak Ru(CO)

Ru+ CH,
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Figure 10. IR spectra in the regions of 1940-1900, 1400-1370,
1170-1130, and 540-470 cm™! for laser-ablated Ru atoms co-de-
posited with CHy isotopomers in excess argon at 8 K and their
variation. (a) Ru + 0.5% CH, in Ar co-deposited for 1 h. (b) As
(a) after photolysis (4 > 420 nm). (c) As (b) after photolysis (240
< A < 380 nm). (d) Ru + 0.5% CD, in Ar co-deposited for 1 h. (e)
As (d) after photolysis (4 > 420 nm). (f) As (e) after photolysis
(240 < 4 < 380 nm). (g) Ru + 0.5% '3CHy, in Ar co-deposited for
1 h. (h) As (g) after photolysis (4 > 420 nm). (i) As (h) after photo-
lysis (240 < 4 < 380 nm). (j) Ru + 0.5% CH,D, in Ar co-deposited
for 1 h. (k) As (j) after photolysis (4 > 420 nm). (1) As (k) after
photolysis (240 < 4 < 380 nm); i and P denote the product and
precursor absorptions, respectively.
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Table 5. Frequencies of product absorptions observed from reac-
tions of Ru and methane in excess argon.®!

European Journal
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CH, CD, 13CH, CH,D, Description
i 1918.1 1383.0 1918.1 1923.2, 1383.0 Ru-H str.

1156.5 covered!®! 1147.6 CHj def.

528.0 478.5 515.1 486.2 C-Ru str.

[a] All frequencies are in cm™'. Description gives major coordinate. i
stands for insertion product. Frequencies and intensities are com-
puted with 6-311++G(3df, 3pd) for harmonic calculations except
where otherwise noted, and the SDD core potential and basis set are
used for Ru. Intensities are calculated with B3LYP, and frequencies
and intensities are in cm ™! and km/mol. CH3-RuH has a Cs structure
at all levels of calculation performed in this study. The symmetry
notations are based on the Cs structure. [b] Calculated anharmonic
frequencies.

absorption,?l shows essentially no '3C shift, and the D
counterpart is observed at 1387.3 cm™! (H/D ratio of 1.383).
The observed frequencies are close to the RuH, and RuD,
molecule stretching frequencies (1821.0 1312.2 cm™1),B3%
and the single intensive absorption strongly suggests the
formation of a product with a single Ru-H bond, namely
CH;-RuH.

A weak i absorption is also observed at 1156.5 cm ! and
ts 13C counterpart at 1147.6 cm™'. It is assigned to the CHj;
deformation mode, and the D counterpart is unfortunately
covered by a precursor absorption. Another weak i absorp-
tion at 528 cm! shows D and '3C shifts of —49.5 and
~12.9 cm™! (H/D and '>C/'3C ratios of 1.103 and 1.025). It
is assigned to the C—Ru stretching mode on the basis of the
sizeable '3C shift. The observed vibrational characteristics
correlate well with the predicted values and support the for-
mation of the insertion complex in the reaction of Ru with
CHy. This result is also consistent with the relative energies
of the plausible products. The insertion product is more
stable than the carbene and carbyne complexes: CH;—
RuH(T) and CH,=RuH,(S) are 14, and 8 kcal/mol lower
than the reactants, but HC=RuH;(S) is 8 kcal/mol higher.

Structrures of Methyl Fluoride and Methane Products

Figure 11 gives optimized structures of CH;-RuF,
HC=RuH,F, and CH;-RuH. Notice that the C—Ru bond
of HC=RuH,F is much shorter than those of CH;—RuF
and CH3-RuH due to the carbon—-Ru multiple bond, but
comparable to those of dihalocarbynes shown in Figure S4.
The distorted structure of the monofluorocarbyne (the
angles C-Ru-F and H-Ru-H are 86.4 and 81.1°),
HC=RuH,F, is compared with the structures of other car-
bynes identified in this study. Our TOC graphic shows the
HOMO of HC=RuH,F. There is a nodal plane between the
F and H atoms bonded to the Ru atom. The extra
electron pair pushes the F and H atoms apart and draws
the two H atoms closer to each other, leading to the unique
structure.
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Figure 11. Optimized molecular structures of the identified Ru in-
sertion and methylidyne complexes in the CHsF and CHy spectra.
The structures are calculated with B3LYP/6-311++G(3df,3pd), and
the SDD core potential and basis set are used for Ru. They all have
a C; structure. The bond lengths and angles are in A and degrees.

Conclusions

Reactions of laser-ablated Ru atoms with halomethanes
and methane have been carried out. Carbene and carbyne
products (CX,=RuX, and XC=RuXj3, X = F, Cl or H) are
formed in reactions of tetra- and trihalomethanes, whereas
the insertion and carbyne products are identified from reac-
tion of methyl fluoride, and only the insertion complex
(CH3-RuH) is produced in the reaction with methane. Cal-
culations also show that the insertion product (CX;-RuX)
from the reaction of a halomethane is less stable than the
carbene and carbyne complexes, but the insertion complex
becomes the most stable product in the reactions of methyl
fluoride and methane. The driving force here is for the ini-
tial energized inserted species to rearrange into the most
stable product, and when multiple halogen atoms are pres-
ent, these transfer to the metal center thus forming stronger
bonds.

The diagnostic carbyne C—H and C-X absorptions are
observed on the blue side of the precursor C-H and C-X
bands. The exceptionally high C-X stretching frequencies
are due to the fact that the carbyne C-X stretching mode
is essentially a X—C-Ru anti-symmetric stretching mode,
and as a result, interaction between the C-X and C=Ru
stretching motions leads to an increase in the frequency.

The structures of the identified Ru carbynes are highly
distorted and show a large variation with the ligands while
the carbenes all have an allene-type structure. The distorted
Ru carbyne structures follow the small Re and Os car-
bynes.[''l Evidently the extra electron pair on the Ru atom
plays an important role in the distinct molecular structures.
The present study reveals that the HOMOs of the carbyne
complexes provide important clues for the distorted struc-
tures.

Experimental Section
Methods: Laser-ablated Ru atoms (Metallium, Inc.) were treated
with CF4 (Dupont), CF3C1,[34] CF2C12, CFC13, CC14, I3CC14,
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CHCl;, CDCl3, 3CHCl;, CH,F,,?4 CH,FCLP4 CH,Cl,, CD,Cl,,
13CH,Cl,, CH;3F (Matheson), CD5F (synthesized from CD;Br and
HgF,), 3CH3F (Cambridge Isotopic Laboratories, 99%), CH,
(Matheson, UHP), 3CH,, CD,, CH,D, (Cambridge Isotopic
Laboratories) in excess argon during condensation at 8§ K using a
closed-cycle refrigerator (Air Products HC-2).3%] Reagent gas mix-
tures ranged 0.5-2.0% in argon. After reaction, infrared spectra
were recorded at a resolution of 0.5 cm ! using a Nicolet 550 spec-
trometer with an MCT-B detector. Samples were later irradiated
for 20-min periods by a mercury arc street lamp (175 W) with the
globe removed and a combination of optical filters, and sub-
sequently annealed to allow further reagent diffusion.!!

Supporting Information (see footnote on the first page of this arti-
cle): contains tables of calculated product frequencies, infrared
spectra, and product structures and molecular orbitals.
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