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ABSTRACT

The mechanisms and energetics of alkane activation by
transition metal ions in the gas phase are studied using an ion
beam apparatus. These investigations concentrate on the
reactivity of several early first row transition metal ions
(Sc+, Ti+, V+) and the second row group 8-10 metal ions (Ru+,
Rh+, Pd+). The reaction mechanisms are probed using deuterium
labelled alkanes. Experimental and theoretical metal-ligand
bond dissociation energies are used to help interpret the
observed metal ion reactivities.

Chapter II providesva detailed study of the reactions of

Ru+

, Rh* and Pd* with alkanes. The reactivity observed is
contrasted to that of their first row congeners Fet, Ccot and
Nit, |

Chapter III presents a determination of the heterolytic, Mt-
H™, and homolytic, M-H, bond dissociation energies for the first
and second row group 8-10 metals. A correlation is found
between the homolytic bond energies and the metal atom promotion
energy to a state derived from an sld® electronic configuration.

Chapter IV examines the reactions of Tit and V' with alkanes
and deuterium labelled alkanes. Dehydrogenation mechanisms and
deuterium isotope effects are explored.

Chapter V reports the unusual reactivity of sct with
alkanes. The ability of sct to form two strong metal-ligand

sigma bonds results in alkane activation processes which are not

observed for most other transition metal ions.
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CHAPTER 1

INTRODUCTION



Recent studies have shown that transition metal ions in the
gas phase can activate the C-H and C-C bonds of saturated

1-6

hydrocarbons. The complex mechanisms of alkane activation

have been studied using a variety of complementary techniques.

These include labelling studies,lc’3'4

product structural
analysis using collision-induced dissociation,7'9 and
measurements of kinetic energy release distributions.l® The bulk
of this previous work has centered on the reactions of the first
row group 8-10 metal ions. From these studies, a picture of
hydrocarbon activation at Fet, Co’ and Nit centers is emerging.
In the present work, the activation of alkanes by early first row
and group 8-10 second row transition metal ions are investigated
using an ion beam apparatus. These studies extend our
understanding of alkane activation at a variety of first and
second row transition metal centers.

In Chapter II, the reactions of the second row metal ions

Ru’

; Rht and Pd* with alkanes are reported. Deuterium labelled
alkanes are used to help unravel the complicated reaction
mechanisms. The reactivity observed for Ru’ and Rh?' is vastly
different than for the corresponding first row metal ions Fe' and
Cot. Whereas competitive C-C bond insertions and/or B-alkyl
transfers occur at Fe' and Cot centers, the corresponding
processes do not occur competitively for Rut and Rht. These
differences are explained in terms of the electronic
configurations of the metal ions and the orbitals used for

bonding to the metal ions. The uniquely high Lewis acidity of

Pa’ is proposed to account for the distinct reactivity observed



in the reactions of this metal ion with alkanes.

The ability to understand and ultimately predict metal
reactivity at carbon-hydrogen bonds is based on the knowledge of
M-H and M-alkyl bond strengths. The ionic bond strengths pMt-H)
and D(M+—CH3) have been reported previously for a number of metal

11-13

ions. In Chapter III, the homolytic bond energies, D(M-H),
and the heterolytic bond energies, p(MY-H"), are reported for the
first and second row group 8-10 metals. Knowledge of these bond
dissociation energies is important for an understanding of the
reactivity observed at transition metal centers. With the
exception of PdH, a correlation is found between the homolytic
metal hydrogen bond energies and the promotion energy necessary
to excite the metal atom to a state derived from an slan
configuration. This suggests that the bonding in the metal
hydrides utilizes a metal orbital that is predominantly s-like
in character. The lack of correlation observed for PdH is
proposed to be due to participation of d electrons in the bonding
due to the stable di® configuration of ground state Pd.

Recent condensed phase studies of bond activation at early
transition metal centers have revealed a rich chemistry

associated with these metals.la'16 In

Chapter IV, the reactions
of the early transition metal ions Ti* and V' with alkanes and
deuterium labelled alkanes are presented. The reactivity of
these metal ions is much more similar to the reactivity of Rut
and Rh' than to the other first row transition metal ions. There

are important differences, however, in the reactions of vt.

These are exemplified by the observation of large deuterium
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isotope effects in the reactions of V' with alkanes. The
reactivity of Tit and V' are interpreted from an examination of
the bonding to these metal ions.

In Chapter V, the gas phase reactivity of sct is reported.
The reaction of Sct with n-butane and larger alkanes results in
the abundant formation of products of the general form
Sc(CnH2n+2)+. It is postulated that these products, which are
not observed in abundance for any other metal ion studied to
date, are dialkylscandium ions. The unique reactivity observed
for sct is proposed to be a result of the formation of two strong
sigma bonds to the metal center. The electronic configuration of
ground state sct, sldl,‘is ideally suited to the formation of two

strong sigma bonds with only a minimal loss of electron exchange

energy.
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ACTIVATION OF ALKANES BY RUTHENIUM,
RHODIUM AND PALLADIUM IONS IN THE GAS PHASE:

STRIKING DIFFERENCES IN REACTIVITY

OF FIRST AND SECOND ROW METAL IONS
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ABSTRACT

The reactions of Ru+, Rht and Pd* with alkanes are studied
in the gas phase using an ion beam apparatus. The reactivity of
the second row group 8-10 metal ions is shown to be dramatically
different than that of their first row congeners. Studies with
deuterium labelled alkanes reveal that Ru+, Rh+, and Pdt all
dehydrogenate alkanes by a 1,2-mechamism, in contrast to the 1,4-
mechansim of Co' and Ni' and the combination of 1,2- and 1,4-
processes for Fet. 1In most respects, Rut and Rh' exhibit similar
reactivity quite distinct from that observed for Pa*. The
reactions of Ru' and Rh* are dominated by the loss of one or more
molecules of hydrogen, via mechanisms characterized by C-H bond
insertions and B-H transfers. 1In contrast to the reactions of
their first row congeners, neither B-methyl transfers or C-C bond
insertions occur competitively at Rut and Rh' centers.
Furthermore, evidence is presented which indicates that the
barriers for reductive elimination of Hy, and HR from Rh-olefin®
complexes are much smaller than the corresponding barriers for
the first row group 8-10 metal ions. These low barriers may
result in the formation of internally excited products able to
undergo a second exothermic elimination reaction. The
differences in reactivity of the first and second row group 8 and
9 metal ions are proposed to be due to differences in the sizes
and shapes of the orbitals used for bonding. Although the
reactivity of pa* appears in some ways to be quite similar to

that of Ni%, the mechanism by which alkanes are activated by pa*
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may be quite different than for any of the first row metal ions.
It is proposed that the uniquely high Lewis acidity of pat
results in hydride abstraction as a first step in the mechanism
for C-H bond activation, leaving the hydrocarbon fragment with an
appreciable amount of carbonium ion character in the reaction
intermediate. This mechanism is supported by the fact that pa*
dehydrogenates n-butane by a 1,2-elimination across the central
C-C bond exclusively. Palladium is the only metal ion studied to

date which undergoes this selective elimination.
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Introduction

The determination of the mechanism by which alkanes are
activated by transition metal ions in the gas phase is an
intriguing and challenging problem. The reaction mechanisms are
necessarily complex, multistep processes. Furthermore, the
reactions often result in the formation of many products.
Fundamental for understanding the mechanisms of these reactions
is a knowledge of the activation parameters for competing
processes. What factors control C-C versus C-H bond insertion?
What determines the relative rates for B-hydrogen versus f-alkyl
transfers?

Clues to the puzzle of hydrocarbon activation by transition
metal ions have been obtained from studies using a variety of
complementary techniques. The studies to date include the
reactions of the entire first row transition metal series and
several metal ions in the second row series.}”® Ion beam and ion
cyclotron resonance (ICR) techniques have been used sucessfully
to identify the products of these reactions and to obtain
thermochemical information. In addition, recent studies of
product translational energy release distributions have probed
the potential energy surfaces for elimination of H, and small
hydrocarbons from ionic iron, cobalt and nickel complexes.7’8 By
the use of these complementary techniques, a more complete

picture of hydrocarbon activation processes is emerging.
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In this paper, we describe the reactions of three second row
metal ions, Ru+, Rht and Pd+, with saturated hydrocarbons in the
gas phase. We find that the reactivity of these metal ions is
dramatically different than that of their first row congeners.
From an understanding of these differences, we gain a better
understanding of hydrocarbon activation by first row as well as
second row transition metal ions.

The first step in a comparison of the differences between
the first and second row metal ions has been made in previous
studies of the binding energies of H and CHy to transition metal
ions.1P»9-11 These results are presented in Table 1 for the
first and second row group 8-10 metal ions. Also included in
this table are recently determined heterolytic M*-H™ bond
energies.lz'13 These bond dissociation energies are useful to
interpret mechanistic differences in comparing the reactivity of

first and second row transition metal ions with alkanes.
Experimental

The ion beam apparatus used in the present study has been

described previously.14

Briefly, ion beams of Ru+, Rh+, and Pd’
are produced by vaporization of Ru(CO)lz, [Rh(CO)2CI]2 and
PdClZ(anhy) onto a hot rhenium filament, and subsequent surface
ionization at 2500 K. 1In this experimental arrangement,
electronically excited ions are less than 1% of the total ion
abundance for Ru+, Rh+, and Pd+.11 The metal ions are
collimated, mass and energy selected, and focussed into a

collision chamber containing the neutral reactant at ambient

temperature. Product ions scattered in the forward direction are
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Table 1: Homolytic and Heterolytic Bond Dissociation Energies
for Group 8-10 Transition Metal Ions in the Gas Phase.

Bond Dissociation Energy (kcal/mol)

Fe Co Ni Ru Rh Pd
Mt-H 53.8 48.8 39,8 41b 4P 4s5b
M* - CH, 68.P 61.C 48.¢ s4.P 47P 59D
mt-n- 208.9  218.9 2249 208.9 2149 231.4

dReference 10.
bReference 1.2
CReference 32.

dReference 13.
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analyzed using a quadrupole mass spectrometer.

The exothermic reactions of Rh-(olefin)+ complexes were
studied using the above apparatus equipped with a dual inlet
system which allowed independent addition of two reagent gases.
Rhodium ethylene and propylene complexes were formed by reaction

with ethane and propane as indicated in Equations 1 and 2,

Rh" + CyHg > Rh(C,H,)" + H, (1)

Rh* + CHg > Rh(C3Hg)' + H, (2)

respectively. Loss of H, is the only exothermic process observed
in these reactions. Further reactions of the olefin complexes
were studied by adding an equal pressure of a second reactant gas
to the collision chamber, and observing the new products formed.
The total pressure of reagent gas was held constant at 4 mtorr.
Under these conditions, most of the rhodium ions suffer
approximately 2 collisions. If the first collision results in
the exothermic formation of Rh(olefin)+, a second collision may
result in further reaction of the metal olefin complex. 1In order
to observe only exothermic reactions, the relative kinetic energy
used in these experiments was quite low, < 0.25 eV.

Labelled ethane (1,1,1-d3, 98 % D), propane (2,2-d2, 98 &D),
n-butane (1,1,1,4,4,4-d6, 98 D), and 2-methy1propane(2-d1, 98

$D) were obtained from Merck, Sharp and Dohme.
Results

The second row group 8, 9 and 10 metal ions are all observed

to react with alkanes resulting in a wide variety of products.
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As an example, consider the reaction of Rht with n-butane. The
reaction cross sections as a function of relative kinetic energy
are shown in Figure 1. The exothermic products are easily
identified since their reaction cross sections decrease with
increasing relative kinetic energy as indicated in Figure la.
The results of reacting Cot with n-butane are illustrated in
Figure 2 for comparison.1a It can be seen that there are
significant differences in product distributions and their
variation with translational energy in the reactions of Cot and
Rh* with n-butane. Whereas Co’ reacts to form three exothermic
products corresponding to loss of Hy, CH,, and CyHg, only
hydrogen loss products are observed as exothermic reactions for
Rht. The alkane loss channels for Rh' appear to have
translational energy thresholds, as indicated in Figure 1b.
Product distributions and overall cross sections for the
reactions of alkanes with Ru+, Rh+, and Pd" at a relative kinetic
energy of 0.5 ev are given in Table 2. Also included in this
table are previous ICR results for the exothermic reactions of
Rht with alkanes.? It can be seen that, although the results of
the ion beam experiment agree fairly well with the ICR data,
there are some noteworthy discrepancies in several cases. The
ICR experiments utilized rhodium ions that were produced by laser
evaporation of a metal target or by electron impact ionization of
(ns-CSHS)Rh(CO)z. Electron impact ionization has been shown to
produce a distribution of ground and excited state metal
ions.12'16 Recent studies have also shown that metal ions created
by laser evaporation are formed with a wide distribution of

translational energy and may be electronically excited as well.l’
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Figure 1. Variation in the experimental cross section for the
" - : ’ +
a) exothermic reactions and b) endothermic reactions of Rh

with n-butane as a function of relative kinetic energy.
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Figure 2. Variation in the experimental cross section for the
a) exothermic reactions and b) endothermic reactions of

Ll ; ; 5 "
Co with n-butane as a function of relative kinetic energy,

Reference 1la.
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Table 2: Product Distributions for the reactions of Ru+, Rh+, and
Pd* with Alkanes at a relative kinetic energy of 0.5 ev.?

Alkane Neutral Eg+ gh+ y ng
Products 0.5ev 2.0 ev ICR°
CH,, N.R. N.R. N.R. NR. ---
CoHg H, 1.0% 1.0 1.0+ 1.0 N.R.
Totald 10 19 1.0
C4Hg H, .90%* L97% .20% .94 .54%
2H, .10 .03 .67 .06
CH, . i AT
Total 40 40 8.0 6.3
n'CAHlo H2 0 20* 5 27* . 38*
2H, .80%* L73% .88% 1.0
CH,, L21%
CoHg +12 AL
Total 38 48 25 29
i-C,Hyg H, L73% .91% .10% .43 1.0%
2H, L21% .06 .49 .48
CH, .02 .01 .08 .09
H,,CH, .02 .02 .30
CoHg .02 .03
Total 95 65 30 110
neo-C5H12 H2 L22% .32% .03* .15
2H, .05% .10% L21% .29
3H2 .05 .02
CHa L15% L40* 14% .13 1.0%
CH,, ,H, .58% 07%  34% .34
C2H6 .06* .07% .05
C,Hg ,H, .05 .11 .02
C3H8 .05

Total 99 40 29 53
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Table 2, continued,

8Reaction products which clearly exhibited energy dependent cross
sections characteristic of exothermic processes are indicated by
an asterisk.

Pproduct distributions for the reactions of Rh' reported in

earlier ICR study (Reference 5).
CNot studied.

dTotal reaction cross sections, reported in Az.
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From our examination of product distributions as a function
of relative kinetic energy, it appears that most of the
deviations of our results from earlier ICR measurements can be
explained by assuming that the latter results are representative
of ion kinetic energies which are much higher than thermal
energies. Some reactions observed in the previous ICR study are
not observed in the present ion beam experiment at 0.5 ev but are
seen at 2.0 ev (Table 2). As an example, the energy dependence of
the reactions of Rh' with 2-methylpropane are shown in Figure 3.
Although the previous study reports three exothermic products
(Table 2), our results indicate that only loss of H2 is
exothermic. The other pathways clearly exhibit a translational
energy threshold for reaction. The presence of electronically
excited ions in the ICR experiment could also contribute to these
differences.

Another explanation of the deviation between the ion beam
and ICR results may lie in the time scale difference of the two
experiments. Inspection of the differences between the two data
sets reveals that the major discrepancies involve multiple
elimination reactions. Multiple eliminations may be somewhat
more prevalent in the ICR due to the longer reaction times
(msec), relative to the the reaction times in the present ion
beam experiments (usec). However, this is not expected to
account for all of the observed differences.

As indicated in Table 2, the main exothermic reactions of
Rut and Rh* with small alkanes are observed to be single and

double dehydrogenations. In contrast, the reaction of Pd* with
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Figure 3. Variation in the experimental cross section for the reactions
+ ; ; : ;
of Rh with 2-methylpropane as a function of relative kinetic

energy.
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alkanes leads to loss of smaller alkanes in addition to H,. 1In
order to gain insight into the specific reaction mechanisms, a
study of the reactions of Ru+, Rh+, and Pdt with deuterium
labelled alkanes was performed. The results for the exothermic
dehydrogenation of labelled alkanes at low kinetic energy are
given in Table 3. The alkane loss products formed using labelled
alkanes are presented in Table 4.

In addition to reaction products such as those indicated in
Tables 1-4, unreacted adduct ions are often observed in the ion
beam experiment at low relative kinetic energies. The extent of
adduct formation for the first and second row group 8-10 metal
ions reacting with alkanes is indicated in Table 5. Although
adduct ions are prevalent for Fe+, Co+, Ni+, and Pd+, no adducts
are observed in the reactions of Ru' and Rh' with alkanes, even
at elevated pressures.

In a related experiment aiméd at obtaining thermochemical
information, the exothermic reactions of Ru+, Rh+, and Pdt with
acetone were studied. The exothermic products formed in these
reactions are presented in Table 6. Also included in this table

+, and Ni+.18 It can be

are previous ion beam results for Fe+, Co
seen that although the product distributions for pat closely
resemble that of the first row ions, two additional reactions,
loss of CH, and loss of (H2 + CO),19 are prevalent for Rut and
Rh?. 1ICR studies reveal that methane loss was also the dominant
process for Rh* reacting with acetone (91%).20

The fact that all three second row metal ions lose CO in an

exothermic process indicates that the sum of the first and second

metal-methyl bond energies is greater than 96 kcal/mol.21 Using
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Table 3. Isotopic Product Distributions for Dehydrogenation of
Deuterated Alkanes by Ru*, Rh*, and pd*.

Mt  Alkane Neutral Product
Single Dehydrogenation Double Dehydrogenation
H2 HD D2 2H2 H2 2HD D2 2D2
or
+HD H2+D2 +HD

Rut
CH5CD4 A5 7% a2
CH4CD,CH,4 .10 .78 .12°8 .58 .42
C(CH3) 4D .20 .80 1.00
CD5CH,CH,CDy .20 .46 .34P .09® .30 .38 .17 .06
Rh+
CH5CD5 .09 .83 .08
CH4CD,CH, 14 .79 .07 L% 280
C(CH3) 3D .27 .73 1.00
CD3CH,CH,CD4 .32 .61 .072 .05 .40 .36 .19
pd*
CH;CD,CHj 1.00
C(CH3) 3D 1.00

CD3CH,CH,CD4 1.00

8The identity of this product is uncertain due to the identical
masses of D, and 2H,. To make the product distributions best
match those in Table %, all of this mass product was assigned to
be loss of D,.

PThis product was assigned to be a 50:50 mixture of D, and 2H, in

order to make the product distributions best match those in Table
2.,

CProduct distribution at a relative kinetic energy of 1.0 ev.
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Table 4. Isotopic Product Distributions for Alkane Loss from
Deuterated Alkanes by Rut, Rh*, and Pd* at a relative kinetic
energy of 1.0 ev.

Alkane Neutral Rut Rht pat
Product
a
CH3CDZCH3 CHA 1.0
C(CH3)3D CH, 1.0 1.0 1.0
CH4+H2 0.5
CH4+HD 0.5 1.0
a
CD3CHZCHZCD3 CD3H 1.0
a
CZH2D4 1.0
a

Product distribution at a relative kinetic energy of 0.5 ev.
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Table 5: Adduct formation in the reactions of group 8-10 metal
ions with alkanes.?

ut propane isobutane n-butane
FeP 42 05 05
CoP .39 .07 .07
NiP .25 09 06
Ru 0 0 0
Rh 0 0 0
Pd .35 .23 .57

8Fraction of the total product observed, normalized to 1.0, at a
relative kinetic energy of 0.5 ev in the center-of-mass frame.
The pressure of alkane gas was 1.5 mtorr.

bData from Reference 39.
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Table 6: Product Distributions for the Reactions of the Group 8-
10 Transition Metal Ions with Acetone at a Relative Kinetic
Energy of 0.5 ev.

Neutral Product Distribution

Product Fet® Eg™® nite Rut Rh* pat
co .07 .10 .06 .15 .03 .07
CoHg +93 +90 .94 19 .27 .93
CH, .58 .60

H,+CO .08 ¢ «10

dReference 18.
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previous values for the first metal-methyl bond energies (see
Table 1) implies D(RuCH3+-CH3) > 42 kcal/mol, D(RhCH3+-CH3) > 49
kcal/mol, and D(PdCH3+-CH3) > 37 kcal/mol. Observation of
exothermic loss of (H, + CO) indicates that D(M-C,H,”) > 38
kcal/mol for Ru* and Rh*.22 The lower limits to the bond
dissociation energies obtained here will be used to estimate the
energies of reaction intermediates discussed later in the paper.

In a somewhat different experiment, sequential reactions of
Rht in multiple collisions were studied using different
combinations of reactant gases. The goal of these experiments
was to determine the reactivity of Rh- (olefin)™ complexes. For
example, can Rh-(olefin)+ complexes effect oxidative addition
processes similar to those observed for bare rhodium ions? 1In an
attempt to answer this question, the reactions of Rh" with a
combination of ethane or propane and a reactant gas were studied.
The results are indicated in Table 7. It can be seen that,
although D2 and CDA do not react with Rh(C2H4)+, C2D6 reacts to
lose Hy, HD and D, as exothermic processes. This reaction was
also observed with unlabelled ethane in a previous ICR study.5
The implications of observing this reaction to be exothermic will
be discussed later.

In certain cases, the products of the multiple collision
reactions could result from two possible reaction sequences. For
example, in the reaction of Rht with CoHg and C,Dg, the product
(C2H4)-Rh-(C2D4)+ could be formed from either Rh-(C2H4)+ reacting
with C,Dg or Rh-(CzD4)+ reacting with CoHg. 1In this case,

because the primary dehydrogenation products were equally
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Table 7: Exothermic reactions of Rh(olefin)+ complexes with
small molecules at a relative kinetic energy of < 0.25 ev.

Hydrogen loss ___ Ethane loss
+
Rh-C,H,
D, N.R
cD,, N.R.
C,Dg 413 46 .13 .50°  .37P 3P
+
Rh-C4H,
D, 1.0
CH,, N.R.
C,Dg 49% .33 .18 .64 .26 .10

4The product of this mass, (CZDQ)-Rh-(CzH4)+, could result from
the reaction of RhC?_DA+ with CoHg or from the reaction of Rh02H4+
with C,Dg. Because the primary dehydrogenation peaks are of

equal intensity, this product was assigned to be a 50:50 mixture
of the two processes.

bThree exchange peaks were observed between RhC,H *  (mass=136)
and RhCzD4+ (mass=140). The double exchange peak (m=138) was
assigned to be a 50:50 mixture of exchange from each of the
primary dehydrogenation products. The mass 137 peak was assigned
to be due primarily (75%) to single exchange from RhCZH4+ and
only 25% due to triple exchange from RhCzD4+. The corresponding
assignment was used for the mass 139 peak.

CThe product of this mass, (CZDQ)-Rh-(C3H6)+, could result from
the reaction of either primary olefin. Because the ratio of
pPrimary dehdrogenation products favors formation of RhC3H6+ by a
factor of 3, this secondary reaction product was asigned to be
primarily (75%) due to the reaction of RhC3H6+ with 02D6.
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abundant, half of the product in question was estimated to result
from each source. There were similar ambiguities in the
reactions of Rht with CyHg and C,Dg simultaneously. The prodﬁcts
were assigned based on the relative intensity of.the primary
olefin products. The secondary reactions presented in Table 5 do

not occur for Fe+, cot

or Ni+.23 This important difference
between the first and second row transition metal ions gives
information about the potential energy surfaces which govern the

reactions of atomic transition metal ions with saturated

hydrocarbons.

Discussion

The reactions of Ru' and Rht with alkanes are fairly similar
and are dominated by the loss of one or more molecules of Hy. A
comparison of the products formed in the reaction of n-butane
with the first and second row group 8-10 metal ions is given in
Table 8. It is seen that the reactivity of Rut and Rh' does not
resemble that of their first row congeners, Fet and Cot. Several
questions arise regarding this differential reactivity. First,
why does multiple loss of hydrogen occur for Ru’ and Rh*?
Second, why are alkane loss channels not prevalent with Ru® and
Rh*? Finally, although all of the metal ions exothermically
dehydrogenate alkanes, is the dehydrogenation mechanism the same
in all cases? These questions will be addressed below.

In contrast to Rut and Rh', the reactivity of pat appears at
first glance to be remarkably similar to the first row metal ions
Fe+, Co+, and Nit (see Tables 6 and 8). However, the uniquely

high Lewis acidity of Pdt results in distinctive reactivity as
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Comparison of the Reactions of Group 8-10 Transition
Metal Ions with n-Butane at a Relative Kinetic Energy of 0.5 ev.

Neutral Product Distribution

Product Fetd Go' 8 e Rut Rh* pat
H, .20 .29 .48 .20 27 .38
2H, .80 <73
CH, .41 w12 .06 .21
CoHg 39 .59 .45 .41

8Reference lc.
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discussed below.

Dehydrogenation mechanism for Ru' and Rh*. Remarkable metal
specificity has recently been observed in the dehydrogenation

reactions of alkanes by transition metal ions in the gas phase.

Studies of product ion structures?P:3P,7,15,24 4, conjunction

with experiments involving deuterium labelled n-butane-
1,1,1,4,4,4—d61c’4'25 reveal at least three distinct mechanisms.
Sct has been shown to undergo a 1,3-dehydrogenation,4 whereas Co’
and Nit* effect 1,4-dehydrogenations forming bis-olefin
complexes.3b’7 Dehydrogenation at Fet centers appears to occur
via a combination of 1,2- and 1,4-mechanisms.3b'8 These latter

two mechanisms are illustrated in Schemes 1 and 2.

Scheme 1
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The product distributions observed for the reactions of Rut
and Rh* with small labelled alkanes (Table 3) indicates a
predominantly 1,2-dehydrogenation mechanism.26 For example, the
main product observed with 2-methylpropane-2d; is loss of HD.
Scrambling leads to the loss of a smaller amount of H,, a process
not observed for the first row metal ions. The presence of
scrambled products is consistent with low barriers for B-H
transfer for Ru' and Rh*. This will be discussed in more detail
later. It is also possible that the scrambled products are
actually the result of 1,l1-elimination. These two processes
cannot be distinguished in this experiment.

The results of the dehydrogenation of n-butane by Rut and
Rh' are also consistent with a 1,2-mechanism. Arguments
presented below against a 1,4-mechanism indirectly support this
assignment. The 1,4-mechansim depicted in Scheme 2 involves
either initial C-C bond insertion or C-H bond insertion followed
by B-ethyl transfer. As will be discussed later, there is
evidence that neither exothermic C-C bond insertions or
competitive B-alkyl transfers occur at Rut and Rh* centers.
Furthermore, any elimination mechanims proposed must accomodate
the loss of a second Hy molecule from n-butane, as indicated in
Table 2. A 1,2-dehydrogenation mechanism leaves the metal-olefin
complex in a geometry favorable for elimination of a second H,
molecule via allylic hydrogen transfers from 1 or 2 as indicated

in Scheme 3. However, the product of the 1,4-elimination, a bis-

Scheme 3 4

- "-‘3\ N He X —-H2 \*
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olefin complex 3, may not easily rearrange to eliminate a second

molecule of H,. In ICR experiments, reaction 3 has been

Rh(C,H)Y + CoH,

> Rh(CHg)T + Hy (3)

observed to occur very slowly, with a rate of less than 1% of the

calculated encounter rate.27 Because the Rh(02H4)2+ adduct
formed in reaction 3 has at least 12 kcal/mol more internal
energy than would 3 formed by reaction with n-butane, it is
unlikely that 3 would be able to react to lose H, to any

significant extent. This evidence against a 1,4-mechanism lends

support to the proposed 1,2-dehydrogenation mechanism for Rut and

Rht.

Observation of multiple hydrogen loss in the reactions of

Rut and Rht. As indicated in Table 8, Rut and Rht react with n-
butane to lose two molecules of H,, a process that is not
observed for the first row transition metal ions as an exothermic
reaction. It should be noted that this product does appear with
low cross sections at high energy for cot (Figure 2b). The
differences in observed reactivity reflect differences in the
potential energy surfaces that connect the reactants to the
products. Recently, kinetic energy release distributions have
been measured for metastable decompositions of Fe+, Co+, and Nit
adducts with n-butane.7’8 High translational energy releases
were observed for the dehydrogenation reactions, indicating the
existence of large activation barriers for the reverse
association reactions. The barrier for reductive elimination of

alkanes from Co-olefin' intermediates is not known. However, it
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has been suggested that there might be a substantial barrier for
this process as well.” A simplified potential energy surface
indicating these proposed barriers is illustrated in Figure 4,
where intermediate 4 can competitively decompose to lose H, or

CoHg. Based on the above observations, reaction 4 should have a

M(CoH)Y +  CoH > M(CoH,) ' + Hy (4)

significant activation barrier for Fe*, Cot and Ni*. This is
supported by the fact that reaction 4 has not been observed for
any of the first row group 8-10 metal ions.23

The activation parameters which govern the reactions of Rh
must be quite different that those observed for Fet, Co and Nit.
As indicated in Table 7, reaction 4 is observed to be an
exothermic process for Rht. Therefore, this process must occur
without a large activation barrier for Rh*. 1In fact, there can
be essentially no barrier for oxidative addition of R-H at
Rh(CZHA)+ centers, and a barrier of less than 4 kcal/mol for
either B-H transfer from intermediate 4 or reductive-elimination
of H) from intermediate 5, as indicated in Figure 4. The
abundance of scrambled products in reaction 4 using labelled C,Dg
indicates that the barrier for reversible B-H transfer from 5 is
lower than the barrier for H, elimination, or that the frequency
factor is higher. This is indicated in Figure 4.

Other evidence that the reaction barriers in the potential
energy surfaces of the first and second row transition metal ions
are vastly different can be obtained from an analysis of the

degree to which long-lived adduct ions are formed. As indicated
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Qualitative potential energy diagram for the decomposition of
(CZHQ)MH(C2H5)+ for M = Rh and Co. The products corresponding
to loss of ethane are shown on the left, and those corresponding
to loss of H2 are shown on the right. The bond energies used
for calculating the energies of the Co+ intermediates are given
in Reference 7. The bond energies to Rh+ were estimated to

be D(Rh—C2H4)+ = 43 kcal/mol, D(Rh—2€2H4)+ = 86 kcal/mol,
D(C,H,) ,Rh-H,)" = 95 kcal/mol, and D(D,H,Rh-HR)" = 102 kecal/mol.
These bond energies are consistent with the bond energies given

in Table 1 and the lower limits discussed in the Results section.
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in Table 5, although adduct ions are prevalent for Fe+, Co+, Nit

and Pat, they are not observed for Rut and Rht, even at elevated
pressures. An example of an adduct formation reaction in the ion

beam experiment is indicated in Scheme 4 for the case of a metal

Scheme 4

H -
Wb AN —— M) — n-u*-( — ).*-1 He_
[ 7 -

ion reacting with propane. The adduct ion detected can have any
of a number of different structures. One possibe structure is
the initially formed collision complex, 6, held together by ion-
induced dipole interactions. The adduct ion could also be an
inserted species such as 7, or a rearranged complex as indicated
by 8. Since only the mass of the adduct ion is detected in this
experiment, differentiation of these structures is not possible.
The overall rate of adduct decomposition depends on the
rates for the various reaction steps in Scheme 4. The relative
activation parameters for C-H bond insertion, B-hydrogen transfer
and Hy, elimination determine which adduct structure is dominant.
At low pressures, if the overall decomposition rate is slow
enough ( < 4 x 104 sec'l), then the internally excited adducts
will be detected directly. At high pressures, if the adduct
decomposition rate is slow enough ( < 10° sec'l), the adducts may

live long enough to suffer a second stabilizing collision. 1In

this case, adducts sufficiently cooled will be detected. For

u:y
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overall reaction rates > 107 sec'l, it is unlikely that any
adduct would be detected, even at elevated pressures. The fact
that no adducts are observed for Rut and Rh* reactions thus
indicates faster reaction rates than observed for their first row
congeners. This is consistent with the very small SB-H transfer
and reductive elimination barriers proposed above for Rut and
Rht.

The implications of low H, elimination barriers for the
potential energy surfaces of Rut and Rh' reactions can be seen in
the dehydrogenation reaction of n-butane. As discussed above,
Rub and Rht appear to dehydrogenate n-butane by a 1,2-elimination
mechanism. As discussed in Reference 7, if no energy
redistribution occurs after the transition state for
dehydrogenation ("late barrier"), then the entire reverse
activation barrier will appear as product translation. The
remainder of the available energy will be partitioned
statistically between the reaction coordinate and all other
internal degrees of freedom.

In accord with the low barrier for reductive elimination of
Hy, from 5 (Figure 4), the elimination of Hy to form 1 or 2
(Scheme 1) 1is expected to proceed without a large barrier.
Therefore, it is expected that the dehydrogenation products be
formed with relatively low translational energy, and thus
relatively high internal energy. The high internal excitation
of Rh(CaHg)+ may result in the occurrence of a subsequent

reaction, i.e., loss of a second molecule of H2.
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Absence of alkane loss products for Rut and Rh*. As

indicated in Figure 3, the only clearly exothermic product
observed in the reaction of Rh' with 2-methylpropane is H, loss.
Although loss of CH, is the thermochemically preferred product,28
it is not observed at low energy and becomes prominent only at
relative kinetic energies in the range 1-2 ev. Two mechanisms
have been proposed previously for the loss of CH, from 2-
methylpropane in the reaction with Fet, co*, and Nit. 1P one
involves insertion of the metal ion into a C-C bond, followed by
B-H transfer and subsequent reductive elimination of CH,.
Alternatively, insertion into a C-H bond can be followed by 8-
methyl transfer and elimination of CH,. The lack of alkane loss
processes for Ru’ and Rh' indicates that neither of the above
processes occurs for these metal ions.

This difference in reactivity between the first and second
row metal ions may be attributed to differences in any of three
steps: 1) 1initial insertion into a C-C versus C-H bond 2) B-H
transfer versus f-alkyl transfer and 3) reductive elimination of
HR versus reversible B-H transfers. As discussed previously, the
barrier for reductive elimination of HR from Rh(olefin)™
complexes is very small. Therefore, it is unlikely that the lack
of alkane loss observed for Ru' and Rht is a result of non-
competitive HR elimination. Furthermore, B-hydrogen transfers
are thought to be facile for Rh* (Figure 4). Therefore, an
activation barrier or an extremely low frequency factor for
carbon-carbon bond insertion by Rut and Rht is postulated.
Hydrogen loss products are observed in abundance for Rut and Rht

reacting with alkanes. The first step in these processes is most
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certainly exothermic C-H bond insertion. Therefore, the
activation barrier for B-methyl transfer must be much higher than
for B-hydrogen transfer, or the frequency factor much lower.
This renders B-methyl transfer unable to compete with B-hydrogen
transfer and results in the observation of only H, loss products.
An important exception is the loss of CH, observed in the
reaction of 2,2-dimethylpropane with Rut and Rh*. 1In fact, 1loss
of CH, is the major exothermic reaction observed at low energy
for Rht. This is consistent with the above ideas in that, after
C-H insertion, no B-H's are available, which then permits
competitive transfers of less favorable groups such as CHj.
Furthermore, once B-methyl transfer occurs to form a
hydridoalkyl-rhodium complex, there is essentially no barrier for
elimination of RH. Thus the Rh(olefin)t complex is formed with
very high internal excitation which allows the products to react
further. This is consistent with the prevalent loss of (CH,+H,)
in the reactions of Ru’ and Rh' with 2,2-dimethylpropane at low
energies, and with 2-methylpropane at higher energies. In these
reactions, it is also possible that the H, molecule is lost
first, followed by elimination of methane from the highly excited
metal-olefin complex. Studies with deuterium labelled 2-
methylpropane-2-d; (Table 4) indicate that the methane lost in
the reactions with Ru' and Rh?' is purely CH,. Furthermore,
although a 50:50 mixture of (CH4+H2) and (CH4+HD) loss is
observed in the reaction with Ru', only the latter product is
observed for Rht. From these data alone, it is not possible to

explain this difference in the reactivity between Rut and Rh' or
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to predict which molecule is lost first in this multiple loss
process. Collisional stabilization studies or metastable
decompositions could give information about the sequence in which
the products are formed.

The reactions of Ru' and Rh' with acetone are also
consistent with the idea that C-H bond insertions are favored
over C-C insertions. After initial C-H bond insertion, the lack
of B-H's results in the transfer of a B-methyl group and
elimination of CH,. Although this is by far the dominant process
for Rut and Rht, it is not observed in the ion beam experiment

with Fet, Cot, or Nit (Table 6).

Comparison of first and second row transition metal ion

reactivity. The difference in reactivity between Rut and Rh' and
their first row congeners suggests differences in the potential
energy surfaces which are summarized below. First, whereas Fe',

+

Cot and Ni% complexes have large activation barriers for

reductive elimination of H, and possibly HR, the corresponding
eliminations at Rut and Rh* centers appear to have little or no
barriers. Second, there may be differences in the activation
parameters for carbon-carbon bond insertion by transition metal
ions of the first and second row. Although C-C bond activation

+

has been proposed for reactions occurring at Fet, Cot and Ni?t

centers,1°’3b'25

in most cases the results may also be explained
by C-H bond insertion followed by B-alkyl shifts. Unfortunately,
labelling studies do not differentiate these two mechanisms. 1In

contrast, results for the second row metal ions clearly indicate

that Rut and Rh* do not exothermically cleave C-C bonds.



45

Finally, there may be differences in the relative activation
parameters for B-H and B-alkyl transfers for the first and second
row metal ions. Although there are few unequivocal observations
of B-methyl transfers for gas phase transition metal ions, there
is evidence for competitive B-methyl transfers at Fe' centers.l¢
Migratory insertions of ethylene into the M-CH3+ bond of Co+,29
Sc+,4 and Tit 30 complexes also indicate that B-methyl transfers
can occur for the first row transition metal ions. Similar B-
methyl transfers do not occur in competition with B-hydrogen
transfers for Ru' and Rh*.

It is possible that the observed diffefences in the
activation parameters for the processes discussed above may be
related to bonding differences for the first row versus second
row transition metal ions. Clues into these differences can be
obtained from an examination of the bond strengths and bonding
orbitals used for the transition metal ion reactions.

Ab-initio calculations on the ground states of the diatomic

+, and NiH' indicate that the bonding in

metal hydrides FeH+, CoH
these molecules involves a metal orbital which is 85-90% s-1like
in character.3l This is in agreement with the experimentally
observed trend that the M'-H bond dissociation energies for the
first row transition metals increase with decreasing promotion
energy from the ground state to a state with an electronic
configuration which is sldn, indicating a bond that involves a

1.32

metal 4s orbita Because the first bond utilizes what is

+

’

primarily an 4s orbital, formation of a second bond to Fet, co
and Nit must involve primarily a metal 3d orbital. The second

bond will thus be inherently weaker than the first due to the
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smaller size and poorer overlap of the 3d orbital relative to the
4s orbital. For example, the strength of the second bond in
dimethylcobalt ion, D(CoCHy*-CHy) = 45 keal/mol,’P is
considerably less than the strength of the first bond, D(Co+-CH3)
= 61 kcal/mol. This is the case even though formation of the
first bond requires promotion of Cot to an sldn configuration, as
discussed above for CoH'.

The description of the bonding to the second row metal ions,
however, is quite different. When bonding a hydrogen atom to the
ground states of Ru+, Rh+, and Pd+, which are all derived from 4"
configurations, the metal prbital involved is predominantly d-
like in character.ll This is due to the more similar size of the
5s and 4d orbitals in the second row transition series. Thus,
the second bond to Rut-H and Rh-H' might be expected to have the
same inherent bond energy as the first bond. Furthermore,
because less exchange energy is lost in forming the second bond
to a d-orbital, the second bond might actually be stronger than
the first.33 However, as indicated in Table 1, the first bond
energy tends to be somewhat greater for the first row metal ions
than for the second row.34 Therefore, the sum of the first and
second bond energies may be comparable for the metal ions of both
rows. It is thus unlikely that the observed differences in
reactivity are a direct result of the strengths of the bonds in
the transition metal reaction intermediates. Note, however, that
the orbitals used in forming these bonds are quite different for
the metal ions of the two rows, and this may be responsible for

the differential reactivity.
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The s-d hybrid orbitals used in the first row bonding are
much more diffuse than the pure d orbitals used for the second
row bonds.>? The second row 4d orbitals are also much smaller
than the first row 4s orbitals.>® This difference is reflected
in the shorter bond lengths for RuH' and RhH' relative to FeH'
and Col'.3? When inserting into a very directional C-C bond,
more favorable overlap may be possible using relatively large,
diffuse s-d hybrid orbitals than when using two tight d orbitals.
It has been recently pointed out that metal d-orbital character
is essential for facile B-H transfers involving a four center
transition state.>® However, due to the directionality of a
methyl orbital, less bonding is expected in the transition state
for B-methyl transfer than for B-H transfer. This may be more of
a problem for the second row transition metal ions where tight
metal d orbitals are involved. Perhaps more diffuse s-d hybrid
orbitals provide better overlap in the transition state for B-
methyl transfer. It is thus possible that the d configurations
of the second row transition metal ions favor insertion into less
directional bonds, i.e., the C-H bonds of alkanes, and also favor
transfer of a spherically symmetric hydrogen atom.

The orbitals used for bonding may also be useful in
understanding the relatively low barriers for reductive
elimination of H, in the reactions of the second row versus first
row transition metal ions. Recent calculations indicate that the
bond angle of MH2+ can be much smaller for bonds that have a
significant amount of d-orbital character. For example, the
hydrogen bonds to Mot in M0H2+ are 80% d in character with a bond

angle of 64°.37 1n contrast, the hydrogen bonds to sct in ScH2+
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are only 50% d with a bond angle of 106°.38  If this trend is
true in general, then smaller bond angles for the second row
metal ions may result in lower activation barriers for reductive

elimination of H2 relative to the first row.

Reaction mechanism for alkane activation by pdt. The

product distributions for the reactions of P4’ with alkanes are
seemingly quite similar to those observed for Fe+, Cot, and Nit
as indicated in Tables 6 and 8. 1In fact, the alkane loss
products resulting from the reactions of Pd* with deuterium
labelled alkanes (Table 4) are almost identical to those observed
for Fe+, Co+, and Ni+.1c However, closer inspection of the
hydrogen loss products reveals some substantial differences in
reactivity. For example, reaction of Pdt with n-butane-
1,1,1,4,4,4-d6 yields exclusive elimination of H2, in contrast to
the scrambled products observed for Fe' and Co+, and loss of Dy
for Nit.1¢:2b.3b poth ot and Nit dehydrogenate n-butane
exclusively via a 1,4-mechanism, with scrambling occurring in the
Cot case.’ 1In contrast, dehydrogenation by pat, appears to occur
by a quite distinct 1,2-mechanism across the central C-C bond
exclusively.

Another difference in the reactivity of Pat can be found
from an examination of the overall reaction cross sections.
Palladium ions react with branched alkanes to a much larger
extent that with linear alkanes. Although this trend also occurs
for Ru’ and RhY, it is much less pronounced. The opposite trend

+ 39

occurs for Fe+, Co+, and Ni'.

An examination of the bonding to pa* gives insight into its
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unusual reactivity. The configuration giving rise to the 2p
ground state of pat is 4d9,40 which has only one unpaired
electron available for formation of a covalent bond. In this
respect, Pat is quite similar to its first row congener Nit
(3d9). The high reactivity of Nit is thought to be a result of
the low promotion energy (only 23 kcal/mol) required to excite
Nit to a bonding sla8 configuration which is able to make up to
three covalent bonds. In contrast, the promotion energy required
to excite Pd’ to a bonding sla8 configuration is much larger, 83
kcal/mol. From this point of view, Pdt is more similar to Mn'
(slds). Mnt forms a strong first bond but apparently has such a
weak second bond due to the half-filled d shell and high
promotion energy that Mn* does not undergo exothermic reactions
with alkanes.32 The issue then, is how Pdt is able to activate
alkanes while Mn' is not.

Possible mechanisms for the activation of alkanes by pat
involve using different oxidation states of palladium. For
example, pat may insert into alkane C-H or C-C bonds by H™ or R~
abstraction, leading to Pd(0) complexes as shown in

structures 9 and 10, respectively. In these structures, the

H-pa®-R* R;-Pa0-R,* <

> Ry*-pd0-R,
2 10
alkyl cation remains bound to the metal center by acid-base
interactions.
The configuration giving rise to the lg ground state of
Pd(0) is Adlo, which is unable to make any covalent bonds.

However, the promotion energy to the 5sl4d” configuration
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favorable for bonding is only 18.7 kcal/mol.ao The bonding in
intermediates such as 9 would then involve a covalent bond to H
using the singly occupied 5s orbital, and a donor-acceptor bond

to RY using a filled 4d orbital as illustrated schematically by

1l and 12.

M (ls) ®
1+
CH—O
Y
Pd (5s)

11 12

The hydride affinities for a number of transition metal ions
have been recently measured and are illustrated in Figure
5.12,13,41 1t 5 seen thét the hydride affinity of Pdt is
comparable to that of tertiary alkyl cations. Thus formation of
intermediates such as 9 are energetically reasonable for tertiary
C-H bond insertion and are possible for secondary C-H insertion
if the strength of the donor-acceptor bond is greater than 16
kcal/mol. The hydride affinity of Mnt is much lower,42 making
hydride abstraction energetically unreasonable as a first step in
C-H bond activation by Mnt.

As indicated in Figure 5, primary C-H insertion by pat
requires a donor-acceptor bond energy in excess of 35 kcal/mol.
It is possible that this energy requirement renders primary
hydride abstraction unreasonable. 1In this case, another
mechanism must be invoked to explain the reaction of Pd* with
2,2-dimethylpropane to lose CH,. Insertion into a C-C bond in
this case would form an intermediate such as 10 where the charge

is delocalized as shown by the two canonical forms, perhaps
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Figure 5. Hydride affinities for gas phase metal ions and alkyl cations.
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rendering C-C insertions by Pd* a favorable reaction pathway.
Unfortunately, this cannot be quantified due to lack of
thermochemical data. These ideas correctly predict that ethane
should be unreactive toward Pd*. No reaction is observed because
after initial C-C insertion to form 10, only thermodynamically
unfavorable products could be formed, namely, CH, and PdCH2+ via
a-hydrogen abstraction.%3

The hydride abstraction model presented above is supported
by the reaction of Pdt with deuterium labelled n-butane-
1,1,1,4,4,4-d4. The only dehydrogenation product observed in
this reaction is loss of H2. A 1,2-mechanism across the central
C-C bond would be expected for a reaction which proceeds via a
carbonium ion intermediate. For example, the gas phase ionic
dehydration of 2-butanol via a carbonium ion intermediate occurs
to produce predominantly 2-butene as opposed to 1-butene.44
Dehydration of 2-butanol on Al,03 surfaces also produces mainly
2-butene.45 This supports our belief that we are indeed
observing hydride abstraction as a first step in the reactions of
Pdt with saturated alkanes. It should be noted that in condensed
phase studies at Pd(II) centers, carbonium ion intermediates have
been previously proposed.46 For example, oligomerization and

isomerization of olefins by Pd(CH3CN)42+ have been proposed to

proceed via carbonium ion intermediates.
Conclusion

The reactivities of Ru+, Rh* and Pd* are shown to be
remarkably different from their first row congeners. Whereas cot

and Nit dehydrogenate alkanes by a 1,4-elimination mechanism, the
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corresponding second row metal ions appear to effect 1,2-
dehydrogenations. The reactions of Rut and Rh' are characterized
by C-H insertions and facile B-H transfers. Unlike their first
row congeners, f-methyl transfers and C-C insertions do not occur
for Rut and Rht. Furthermore, the barriers for reductive
elimination of RH and H, from Rh-olefint complexes are quite
small, in contrast to those proposed previously for cot. This
may result in high internal excitation of the primary
dehydrogenation products for Ru’ and Rh* reactions. 1In this
case, the products themselves may undergo an exothermic
elimination of a second molecule of H,y, a process not observed
for the first row group 8-10 metal ions. These differences in
reactivity are proposed to be due to differences in the sizes and
shapes of the bonding orbitals for the first and second row metal
ions.

The mechanism by which alkanes are activated by Pat is quite
distinct from any other metal ion studied to date. It is
proposed that the uniquely high Lewis acidity of Pd’ results in a

hydride abstraction mechanism for C-H bond activation.
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CHAPTER III

HOMOLYTIC AND HETEROLYTIC BOND DISSOCIATION ENERGIES
OF THE SECOND ROW GROUP 8, 9 AND 10
DIATOMIC TRANSITION METAL HYDRIDES:
CORRELATION WITH ELECTRONIC STRUCTURE
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ABSTRACT

The heterolytic and homolytic bond dissociation energies of
the first and second row group 8-10 metal hydrides are determined
using an ion beam apparatus. These bond energies are obtained by
monitoring the hydride transfer reactions of the corresponding
metal ions with a series of hydride donating reagents. The
homolytic bond energies for RuH, RhH and PdH are found to be
comparable, 56 + 5, 59 + 5 and 56 * 6 kcal mol'l, respectively.
In contrast, the corresponding bond energies for FeH, CoH and NiH
are quite varied, 43 * 6, 54 * 10 and 65 * 6 kcal mol'l,
respectively. With the exception of PdH, the strengths of the
metal hydride bonds correlate well with the atomic promotion
energy to a state derived from an slgn configuration. This
suggests a bond to hydrogen which utilizes what is predominantly
a metal s orbital. The bonding in PdH is quite distinct from the
other metal hydrides, as evidenced by a lack of correlation of
this bond energy with atomic promotion energy. This may be a
result of increased d electron participation in the bonding of
PdH due to the stable dl0 configuration of ground state Pd atoms.
The metal hydride bond dissociation energies determined in this

study are compared to available theoretical calculations.
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Introduction

Activation of the C-H bonds of saturated hydrocarbons by
transition metals requires the formation of strong M-H and M-
alkyl bonds. Knowledge of these bond strengths is essential for
understanding all catalytic processes where C-H bonds are formed
or broken. The prominence of the second row group 8-10 metals in
homogeneous and heterogeneous catalysis makes knowlege of the

bond strengths to these metals especially ]’.mportant:.l'4

Under-
standing the bonding in the corresponding diatomic metal hydrides
may help to access the importance of reaction steps which involve
the metal hydrogen bond. Metal hydrogen bonds are the simplest
model for sigma bonding to a metal center, and as such are
amenable to examination with high quality ab_initio calculations.
In spite of their importance, only limited results are available
which relate to the experimental determination of these bond
energies.

A typical value for the M-H bond energy in organometallic
complexes is approximately 60 kcal mol™1.9"7 Measurements of
diatomic metal hydrogen bond energies show a large variation of
the bond energy as a function of metal atom. Diatomic metal
hydrides have been studied previously for the entire first row

8-14 as well as for several metals of the

transition metal series,
second and third row series.lOb’13’15’16 Theoretical descrip-
tions of the bonding in metal hydrides has been predominantly
limited to those metal atoms in the first transition series.:n'19

In many cases, there is a large deviation in the experimental and



63

theoretical bond energies, as well as between various experimen-
tal bond energies.

In this paper, we report experimental values for the
diatomic hydrides RuH, RhH, and PdH. For RuH and RhH, these
values represent the first reported experimental measurements.
For PdH, the only previous experimental determination of the bond
energy was obtained using spectroscopic techniques. Metal
hydride bond energies determined from extrapolations of
spectroscopic data are thought to be somewhat unreliable.8’20 We
also report bond energies for FeH, CoH, and NiH for comparison
with previous work.

Homolytic metal-hydrogen bond dissociation energies, D(M-H),
may be obtained from the heterolytic values, D(M+-H'), in
conjunction with the ionization potential of the metal atom and

21

the electron affinity of hydrogen, as indicated by Equation 1,

D(M-H) = D(M'-H™) - IP(M) + EA(H) (1)
derived from Scheme 1. The heterolytic MY-H™ bond dissociation

D (M-H)
Scheme 1 —_—— M + H

D(M -H )\ / EA(H) - IP(M)

energies are obtained in this study by observing the exothermic
and endothermic hydride abstraction reactions of metal ions, as

indicated by reaction 2. The observance of reaction 2 as an

MY + AH > MH + at (2)
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exothermic process indicates D(M+-H') > D(A+-H'). Failure to
observe reaction 2 as an exothermic process is consistent with
the reaction being endothermic. In the absence of competing
reactions or an activation barrier, it is generally believed that
a reaction which is not observed at thermal energies is
endothermic. 2223

It should be noted that the heterolytic as well as homo-
lytic metal hydrogen bond dissociation energies are of great
interest. The chemistry which occurs at a metal ion center may
be governed by the strength of the heterolytic MY-H™ bond. For
example, the present work was motivated in part by the observa-
tion of exothermic hydride abstraction as a first step in the
reactions of Pd* with alkanes.Z*

The bond energies for the group 8-10 metal ions determined
in this way are interpreted in terms of the electronic structures
of the diatomic metal hydrides and the electronic configurations

of the isolated products of homolytic and heterolytic

dissociation.

Experimental

The ion beam apparatus used in the present study has been

: . 25 . . + + +
described previously. Briefly, ion beams of Ru’', Rh’™ and Pd
are produced by vaporization of Ru3(CO)12, [Rh(CO)2C1]2 and
PdCl,(anhy) onto a hot rhenium filament, and subsequent surface
ionization at 2500 K. 1In this experimental arrangement,
electronically excited ions are less that 1.5% of the total ion

abundance for Ru+, Rh+, and Pdt as indicated in Table 1.26 Ion
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TABLE 1. Lower Electronic States of Ru+, Rh+, Pd+, Fe+, Co+ and Ni+ and

their Relative Ion Populations at 2500 K.

Relative
State Configuration Energya Population
Ru+ g 45’ 0.00 .986
4p a’ 0.88 .006
® 4d®5s’ 1.09 .006
26 4d’ 1.25 .002
rhT 3p gl 0.00 .995
1 Li° 0.81 .004
3 8
p 4d 1.18 .001
I 5d° 1.64 .000
pa’ 25 5" 0.00 1.000
4iPsg 3.19 .000
2 %5 3.94 .000
Fet bp 3a%e1 0.00 .765
by 3a’ 0.25 .230
4p 34955 0.98 .005
4p 3d’ 1.64 .000
ta” 35 348 0.00 .812°
5 7 1
F 3d4s 0.43 .185
3p 3a’48l 1.21 .003
NiT 2 3d° 0.00 .981
bp 3485} 1.09 .018
25 33451 1.68 .001

a : ’ .
The state energies cited are a weighted average over the J states from
Reference 26.
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beams of Fe+, Co+, and Nit were obtained using FeClg (anhy),
00012'6H20, and NiCl,.6H,0. The excited state population of
these ions at 2500 K, which are appreciable in the cases of Fet
and Co+, are also included in Table 1. The metal ions are
collimated, mass and energy selected, and focussed into a
collision chamber containing the neutral reactant at ambient
temperature. Product ions scattered in the forward direction are
analyzed using a quadrupole mass spectrometer. It should be
emphasized that only the ions are detected in this experiment.
Thus, reaction 2 is observed by monitoring the fragment A+, and

inferring the product MH.

Results and Discussion

Analysis of the bracketing technique. The reactions of
metal ions with a series of hydride donating reagents have been
examined in order to bracket the heterolytic Mt-H"™ bond
dissociation energies. Similar bracketing techniques have been
used sucessfully in a number of instances. For example, the bond
energy for MnH' was determined by measuring the proton transfer
reactions from MnH' to bases of varying strengths using ion
cyclotron resonance (ICR) techniques.22 In a similar ICR
experiment, the proton affinities of alkylbenzene radicals were
bracketed by determining the rates of reaction of alkylbenzene
ions with a series of reference bases.23 The bond energy D(FeH-
H) was determined in an ion beam experiment by bracketing the
hydride affinity of FeH'! with a series of hydride donors.27
These techniques work well because at thermal energies an

endothermicity of just 3 kcal mol™l can result in a decrease in
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the reaction rate of over two orders of magnitude. For example,
in the proton transfer reactions of MnH+, the rate constant

3 1 -1

varies from below 10'11 to 1.5 x 10'9 cm”® molecule ~ sec over a

range of 5 kcal mol™l as the reaction changes from endothermic to
exothermic.22
Several factors must be considered in using the bracketing
technique to determine heterolytic MY-H™ bond dissociation
energies. This technique will not work if the reaction studied
proceeds via an activation barrier. A simplified potential
energy surface which we postulate for a hydride transfer reaction
is shown in Figure 1. The initial interaction of the metal ion
with the hydride donor leads to the formation of a chemically
activated adduct represented as MY 'HA. An intrinsic barrier

separates this species from an adduct of the products, indicated

by MH® - -AY. The two adducts are local minima on the potential

energy surface. If the maximum in the intrinsic barrier exceeds
the energy of the reactants, then there will be an overall
barrier to reaction, even for an exothermic process. The overall
barriers, which may be substantial for nearly thermoneutral
reactants, are generally reduced as the reaction exothermicity
increases. This effect is illustrated by the two curves in
Figure 1. Even in the absence of an overall barrier, reactions
where intrinsic barriers are present may be slow due to phase
space constraints. These effects have been considered in detail
for processes such as anionic nucleophilic displacement

28,29

reactions and proton transfer processes.30 Unfortunately,

there are no potential energy surfaces which have been well
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Figure 1. Simplified double-minimum potential energy surface for

hydride transfer reactions.
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characterized for hydride transfer between organic molecules and
transition metal jon centers. If substantial intrinsic barriers
are present and lead to small overall barriers for exothermic
reactions, then the bracketing technique used in the present work
may yield erroneously low M-H bond dissociation energies.

A further complication may arise if multiple reaction
pathways exist. 1In this case, it is possible that hydride
transfer may not compete effectively with other reactions, and
thus may not be observed. This could lead to reaction cross
sections for hydride transfer which increase with increasing ion
energy, even though the reaction is exothermic and the overall
cross section decreases. The presence of multiple reaction
pathways that render hydride transfer unable to compete
effectively would result in erroneously low M-H bond energy
determinations.

The presence of electronically excited ions in the present
experiment could lead to erroneously high M-H bond energy
determinations. Electronically excited ions may undergo
exothermic hydride abstraction reactions that are not possible
for ground state ions. This problem will be discussed in detail
below.

Reactions of hydride donors with transition metal jons. The

+, Rht and Pd’ with a series of

reactions of Fe+, Co+, Ni+, Ru
hydride donating reagents at a relative kinetic energy of 0.5 eV
are indicated in Table 2. It can be seen that many of these

systems are quite complicated and often result in the formation

of a 1large number of products. Since endothermic reactions have

cross sections that increase with increasing kinetic energy, we
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TABLE 2. Product Distributions for the Reactions of the Group
8-10 Metal Ions with Hydride Donating Reagents at a
Relative Kinetic Energy of 0.5 ev.?
ret  cot  nT Re'  Rn'  pdt
CH.,CHO H ——— D 26° —
3 2 :
b
CH4 1.0 1.0 .74 .74
MH — — —_—— .26
c b
oTOT 45, 38. 26. 17.
C_H.CHO H 4% .27 43 19 11 J—
oHs 2 . . . s v
CH4 .03 —
d
C2H6(CH20) .57 .73 47 .81 .87 .27
MH .10 — .01 .73
OTOT 61.9  148.  156. 79. 4. 90.
CHNH B 1.00 .74 40 1.0 1.0
3NH, 2 . 2 . . 3
MH -—— .26 .60 —_— —
d
oTOT 8. 85. 62. 56. 22
(CHB)ZNH H2 —-— .72 .70
2H2 —_— — .21
CH4 .62 SEes i
A .13 .03
CH4+ H2
MH .38 «15 .06
oTOT 270. 230. 248.




72

TABLE 2. (cont'd).
Fet Co Nit Ru'’ RhT gt
(CH,) 5N H, W .48 .59
CH,+ H, — .18 <12
M .30 R —
MH .70 .34 .29
OTOT 284. 282.  82.
SiH(CHy),  H, .40 125 o4 Se—
CH, 60°  .33% L34 1.0
MH -~ .55% .62 —
OTOT 23.¢  190.%  261. 268.
(CHy) ,0 H, — .38 NrE
CH, 1.0 —_— NR
CH,+ H, or H0 — .62 NR
GTOT 18. 55.
(C,H,),0 H, SN, T .018 .23 .16 ——
C,H, .64 .39 .138 —— e e
C,He .20 .08 .018 .09 .08 —-—-
C,H O .16 .11 .048 .42 .37 e
CH,+ H, or H,0 .25 .22 ——
MH — .31 .818 .01 .17 1.0
OTOT 157. 262.  136° 208.  83. 220.
C,HO0H H, -
OTOT 97.
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TABLE 2. (cont'd).

8Blanks indicate the reaction was not studied.
b ; : :
Relative kinetic energy 0.7 eV

(-}
c . . . :
Total reaction cross section in A”. Cross sections reported

are * 50% and are used only as a guide for relative reaction

rates.

dRelative kinetic energy 0.25 eV.

eKang, H.; Jacobson, D.B.; Beauchamp, J.L.; Bowers, M.T., submitted.

f :
No reaction was observed.

BRelative kinetic energy 0.6 eV.
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examined the effect of metal ion translational energy on the
processes indicated in Table 2. An example of the reactivity
observed is given in Figure 2 for the case of Rut and Rh*
reacting with diethyl ether. It can be seen that, although the
same five products are formed in each case, their variation with
relative kinetic energy is quite different. In particular,
whereas hydride transfer clearly exhibits the behavior expected
for an exothermic process in the case of Rh+, the same reaction
with Ru' exhibits a translational energy threshold expected for
an endothermic reaction. The fact that this reaction is observed
for Rt supports our belief that the reaction involving Ru' is
indeed endothermic. These differences in reactivity reflect
differences in the heterolytic MY-H™ bond energies.

The thermochemistry for the hydride transfer reactions
reported in Table 2 has been determined from the cross-section
behavior of the reactions as a function of relative kinetic
energy. The results are summarized in Figure 3, along with
recent results for Mo+.31 In this figure, the metal ions
abstract H™ in exothermic processes from those reagents whose
heterolytic bond energies are less than that of the metal ion.>32
Either an endothermic H™ abstraction or no H™ abstraction was
observed for those reagents with a higher heterolytic bond energy
than that of the metal ion. In the reaction of Nit with CoH5CHO,
the hydride abstraction product was observed with a fairly low
cross section which was relatively independent of ion kinetic
energy. By comparison with processes which are known to be

exothermic or endothermic, we have inferred this behavior to be



75

Figure 2. Variation in the experimental cross section for the reactions
+ + .
of Ru and Rh with diethylether as a function of relative

kinetic energy in the center of mass frame.
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Figure 3. Heterolytic bond dissociation energies D(A+—H_) for Fe, Co,
Ni, Ru, Rh, Pd and Mo and for various hydride donating

reagents.
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indicative of a thermoneutral process. Thus, the heterolytic
bond energy for Ni*-H™ was chosen to be equal to that of CoH5CHO.
The above results are in agreement with the previous
reactions that have been studied using ICR techniques. ICR
studies of the reaction of Co’ with ammines and ethers indicated
that the reaction with CH3NH, produced CoH as the major
product.33 This study also observed CoH as a significant product
in the reaction of Co’ with ethyl ether. 1In other ICR work, Fet

34 A11 of the

was not observed to abstract H™ from ethyl ether.
above data are in agreement with our ion beam results for hydride
abstraction by Fe' and Co*.

A summary of the heterolytic bond dissociation energies
obtained in this study is presented in Table 3. The homolytic
bond dissociation energies calculated using Equation 1 are also
included in this table. The bond dissociation energies obtained
in this study may be used in conjunction with previously

35-38

determined M*-H bond energies to obtain the ionization

potentials of MH, using Equation 3. Similarly, for those metal

D(MY-H) = D(M-H) + IP(M) - IP(MH) (3)

hydrides for which the electron affinities are known,39’AO our

values can be used to obtain values for D(M -H) using Equation 4.
D(M -H) = D(M-H) + EA(MH) - EA(M) (4)

The relationships between these quantities is illustrated in
Figure 4. The values obtained from Equations 3 and 4 are

indicated in Table 4.



TABLE 3.
This Studz
Ground
State
M P pMT-H7) D(M-H)
4
Fe A 208+6 43+6
Co 3 218+10  54:10
. 2
Ni A 22416 656
4
Ru ® 2085 56%5
3
Rh ® 214%5 5915
2
Pd b5 2316 5616
6
Mo T 201+5 5315

Metal-Hydrogen Bond Dissociation Energies.a

Previous Studies

D (M-H)

Sallans® Spec.d Other Theory
3043 39(46)® <43f  37848M341343
4243 45:35530K 488

60(71)" 5922 55862064745"

363

<76° 32™30P464

463

8a11 energies in kcal/mol.

b . . .
See discussion in text.

°r

dValues determined spectroscopically.

°g
fr
gr

eference 13.

eference 20.

eference 10.

The numbers in parentheses are the
actual values obtained from a Birge-Sponer extrapolation. The preceding
values are the ones recommended by the respective authors.

eference 18. The value for the ground 47\ state of FeH was obtained by
adding the calculated value for the excited 6A state to the experimentally
determined excitation energy to the 6A state (Reference 39).

hReference 19. The value for the ground 4A state of FeH was calculated as
in g.

iR

eference 44. The value for RuH is for the

¢ state.

JSchilling, J.B., unpublished results.

kReference 11.

lReference 8.

4A state, not the ground
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TABLE 3. (cont'd).

mGoddard, W.A.III; Walsh, S.P.; Rappe, A.K.; Upton, T.H. J. Vac. Sci.
Technol. 1977, 14, 416.

nReference 54,
o

Reference 16.
PReference 50.

9Reference 51.
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Figure 4. Simplified potential energy surfaces for the binding of
hydrogen to M_, M and M+.
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TABLE 4. Thermochemical Values Derived from MH Bond
Dissociation Energies Using Figure 4.

M D(M-H) D(M+—H) IP (M) 1P (MH)2 EA(M)b EA(MH) D(M -H)
kcal/mol eV kcal/mol
d e
Fe 43. 53. 7.9 7.47 3.78  21.54% 60.8
d b
Co 54. 47.5 7.86 8.14 15,3  15.54° 54.2
. d b
Ni 65. 38. 7.63 8.80 26.7  11.16° 49.5
Ru 56. 41,5 7.36 8.01 24.2
Rh 59. 42.% 7.46 8.20 26.2
Pd 56. 55,k 8.33 8.81 12.9
Mo 53, 51 .9 7.18 7.70 17.2

aDerived from MH bond energies using Equation 3.
b

Reference 39.

“Derived from MH bond energies using Equation 4.
dReference 38.

e

Reference 40.

fReference 37.
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Effects of electronic excitation on hydride abstraction

reactions. As mentioned earlier, erroneous results may occur if
electronically excited ions are present. As indicated in Table
1, the abundance of MY formed in an excited state is less than
0.5 % of the total ion abundance for Rh+, Pd+, and Mo+,31 and
less than 2% for Ru’ and Ni*. Even these small amounts of
electronic energy excitation can lead to complications. For
example, approximately 2% of the nickel ions are formed in an
excited state with 25 kcal mol™! excess electronic energy. The
cross-section behavior for the hydride abstraction reaction of
Nit with methyl ether as a function of relative kinetic energy is
shown in Figure 5. The cross section clearly demonstrates
bimodal behavior, where the ground state reaction is endothermic
and the excited state reaction is exothermic. The collision
cross section for the reaction of Nit with dimethyl ether is

2

estimated to be at least 78 A® at a relative kinetic energy of

0.25 eV.41 The apparent cross section observed for the hydride
transfer reaction at 0.25 eV is 1 A2. Because excited state Ni%t
comprises only 2% of the total ion beam, the excited state
exothermic cross section is approximately 50 A2. This can be
contrasted to the ground state endothermic reaction which

2 at a relative

exhibits a maximum cross section of only 7 A
kinetic energy of 3.6 eV. Because their excited state
populations are so low, any exothermic excited state reactions of
Rut, Rh+, Pd* and Mo® would show extremely low apparent cross

sections at low energy, similar to those observed for Nit. Thus,

the truly exothermic ground state reactions of these metal ions
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Figure 5. Variation in the experimental cross section for the reaction
+
of Ni with dimethylether as a function of relative kinetic

energy in the center of mass frame.
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can be identified with little ambiguity due to their much larger
cross sections.

In contrast, the reactions of Fet and Cot suffer severe
complications due to the abundance of electronically excited
state ions present in the ion beam. The excited state
populations for Fet and Co’ in our experiment are estimated to be
24% and 19%, respectively. Because of the extensive formation of
electronically excited ions, it is extremely difficult to
separate out the ground and excited state reactions for Fe' and
Cot. Previous studies of the endothermic reactions of these
metal ions with H, to form MH' have indicated that, although the
ground state of Cot is the reactive species, only the excited
state of Fe' is reactive.%? This, however, may not be the case
for the exothermic hydride transfer reactions of the present
study. The hydride transfer reactions for all of the metal ions
except Fet are spin allowed processes. The fact that the
reactions with Fet are not spin allowed may discriminate against
ground state hydride transfer reactions for Fe'.

With one exception, the hydride abstraction reactions
observed with Fe' and Co’ occur with very large cross sections.
For example, the cross-section behavior for the exothermic
reactions of Cot with SiH(CH3)3 are illustrated in Figure 6. It
can be seen that hydride abstraction is a dominant process at low
relative kinetic energies. The abundance of this product
suggests that it is not formed solely from an electronically
excited state of Cot. Similarly, the reactions of Fet with

NH(CH3)2 and N(CH3)3 result in hydride transfer with cross

sections too large to be assigned entirely to an excited state
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Figure 6. Variation in the experimental cross section for the reaction

of Co+ with SiH(CH as a function of relative kinetic

3)3
energy in the center of mass frame.
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reaction. The hydride abstraction reaction of cot with CH4NH,
has a much lower cross section, and it is possible that this
process is due to an excited state of Cot. The heterolytic Ga™ =
H™ bond energy is thus chosen to be equal to the heterolytic bond
energy of CHiNH,, as indicated in Figure 3.

Previous ion beam experiments have determined bond energies
very accurately from measurements of the thresholds for
endothermic reactions.*3 However, for the hydride abstraction
reactions studied here, this procedure is very difficult. For
the case of Fe+, cot and Ni+, excited state species complicate
the threshold region, as illustrated in Figure 5. 1In addition,
many exothermic processes are competing with endothermic hydride
abstraction. This can greatly complicate the cross-section
behavior, especially in the threshold region. The exothermicity
or endothermicity of the hydride abstraction reactions is thus
considered a better diagnostic probe of the thermochemistry for
these reactions.

Comparison with previous results. The homolytic bond
energies determined in the present study may be compared to
available previous data, as indicated in Table 3. It can be seen
that our numbers are systematically higher than those of Sallans
et a1.13 by 7-13 kcal mol™l for the three hydrides FeH, CoH, and
MoH, that were studied using both methods. The numbers from
Sallans et al. were obtained using a bracketing technique where
the anionic M~ were allowed to react with a variety of acids
(proton donors) to form metal hydrides. In the absence of

excited state ions, which are not a problem in the case of the
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negative ions, bracketing experiments necessarily give lower
limits to the bond energies. If the bond energies determined in
the present study are too high, a factor that could account for
this is the possibility of forming electronically excited
positive ions. As discussed previously, this is not a serious
problem for Ni, Ru, Rh, Pd or Mo.

It should be noted that the bond dissociation energies for
the first row metal hydrides obtained in this study compare
favorably with other experimental and theoretical values
available, with the exception of CoH. Our value for the bond
energy of CoH is substantially higher than any other previous
determination, especially the value of 39 kcal mol~1 reported in
an earlier study from our laboratory.11 This value was obtained
by measuring the competitive decay of HCoR" to form either CoH' +
R or CoH + R'. Preferential formation of the former product
resulted in the inference IP(CoH) < IP(R). This method
necessarily gives a lower limit for the ionization potential of
CoH because CoH' can also be formed by a direct stripping
reaction. This leads to a bond dissociation energy which is
actually a lower limit.

For the second row metal hydrides, there are few previous
experimental or theoretical values. No theoretical bond energies
are availabe for RhH and only an excited state value has been
determined for RuH.44 Furthermore, the theoretical values
obtained for PdH are substantially lower than those measured in
this work. This is discussed in greater detail below.

Analysis of bonding in transition metal hydrides. The

second row group 8-10 metal hydrogen bond energies are all quite
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similar, 56-59 kcal mol'l, in contrast to the range of bond
dissociation energies observed for the first row metal hydrides
(43 - 65 kcal mol'l). These values may be compared to the
binding of hydrogen to organometallic complexes. The data
available for group 8-10 metal hydrogen bonds in complexes are
presented in Table 5. It can be seen that most of these values
for M-H bonds are around 60 kcal mol™l. This is in excellent
agreement with the values for the diatomic metal hydrides of the
second row. Note, however, that the bond energies to hydrogen in
the complexes are much greater than in the corresponding diatomics
for Fe and to a lesser extent for Co. Why is this the case?

This difference may be better understood by a close inspection of
the bonding of the diatomic hydrides.

Previous studies of bonding in the first row ionic hydrides
(MT-H) have shown that the bon: energies increase with decreasing
promotion energy from the ground state to a state derived from an
slan configuration.38 This suggests a bond which involves a
metal s-orbital. 1In order to see if this trend is also true for
the neutral metal hydrides, the promotion energy needed to excite
the neutral metals to an sld" configuration is needed. 1In
calculating this promotion energy, it is necessary to include any
exchange energy that is lost in forming the bond. When an s
electron is used for bonding, some s-d exchange energy may be
lost, depending on the electronic configuration of the metal
atom. This is because the bonding s electron is now only coupled

high spin to the remaining d electrons 50% of the time. This

effect can be roughly accounted for by averaging the energy to
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TABLE 5. Metal-Hydrogen Bond Dissociation Energies in
Organometallic Complexes.

Complex B(M-H)a, kcal/mol

Fe(CO)4H2 <65

HCO(CO)4 57

B

HCo (CN) 5 58

H3Ru(COCH3)(CO)9 65
b

Cp(PMe3)RuH 46
c

HZRhCI(PAr3)3 58

H.RRC1 (PAr ), THTPY 58°¢

2 372
Mo(Cp)2H2 60

aFrom Reference 5, unless otherwise noted.
bPaciello, R.; Bercaw, J.E., work in progress.

cDrago, R.D.; Miller, J.G.; Hoselton, M.A.; Farris, R.D.;

dTHTP = tetrahydrothiophene.
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promote to high and low spin coupled states, as indicated by

Equation 5. The promotion energy defined in this way for the
P.E. = [E(sld™ high spin) + E(sld™ low spin)] /2  (5)

metals studied here are presented in Table 6.%°

A plot of the bond energies determined in this study as a
function of the promotion energy as defined above is indicated in
Figure 7. With the notable exception of PdH, the first and
second row metal hydrides fit the correlation reasonably well.
This again suggests that a metal s orbital is being used for
bonding in these metal hydrides. The "inherent" metal hydrogen
bond energy determined by the intercept is 67 kcal mol-l. 1t
should be noted that previous determinations of bond energies fit
marginally well onto the above graph. For example, Cu, Ag and Au
all have promotion energies as defined by Equation 5 to be zero,
due to their s1q10 ground states. Their metal hydrogen bond
energies are 67,12 54,10b and 74 kcal mol'l,10b respectively.
Thus, although Cu and Au appear to fit the above correlation
well, the value for Ag seems quite low.

The bond energies for the early transition metal hydrides do
not fit the correlation depicted in Figure 7. This may be due to
two possibilities. First, there are large deviations in the
experimental values for the early transition metal hydrides. For
example, the bond energy for CrH is given as 41 + 313 or 67 + 12
kcal mol'l.8 Furthermore, for ScH, VH, and MnH, there is only
one experimental determination of the bond energy, and none for

TiH.%® If the determined bond energies are accurate, another

explanation for the poor fit with the early metals may be that
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1mn .
TABLE 6. Promotion Energies to s°d Configurations for
Transition Metal Atoms.

GROUND STATE EXCITED STATE
M Config. Des. EY Config. Des. g P.E.b
kcal/mol kcal/mol kcal/mol
Fe 402 °> 0.0 U P 20.1 27.
gt 35 4.4
Co &2 0.0 a®et 4 9.7 15.
aet 2r 20.3
Ni 2 sl 3 0.0 a2t Iy 7.6 4.
R atgt > 0.0 a’g! 3 1s. 9.
Rh %1 % 0.0 R 22 4.5 7.
Pd all s 0.0 det 3 2.9 28.
as! Iy 334
Mo st s 0.0 gt ’s  30.9 15.5

aEnergies are weighted average of J states, Reference 26.

bPromotion energy calculated using Equation 5.



97

Figure 7. Variation in the monolytic metal-hydrogen bond energy as a
function of metal atom promotion energy to an sldn

configuration.
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the bonding is quite different for these hydrides. For example,
it has been found from ESR experiments that the chromium hydride
bond has a significant amount of ionic character and is best

-H- .47

described as Cr' A correlation with promotion energy to an

slgn configuration would thus not be expected.

Note that the promotion energy for Fe is much larger than
for Ru. This may be responsible for the difference between the
diatomic and organometallic M-H bond dissociation energies for
Fe. Addition of ligands may help to overcome the promotion
energy and leave the iron orbitals better prepared for bonding.
The same considerations also apply to CoH, but to a lesser extent
due to the lower promotion energy. Thus the organometallic FeH
and CoH bond energies are approximately the same strength as the
RuH and RhH diatomic and organometallic bond energies.

A correlation between the metal hydride bond energies and
the electron affinity of the metal atoms has recently been
reported by Squires.46 We also observe this correlation, as
shown in Figure 8a, again with the exception of PdH. Although
the slopes of the two correlation lines are similar, the
intercepts are different in the two cases.

For all of the metals studied here except Pd, binding an
electron leads to a metal anion whose ground state is derived
24n

from an s configuration.39 The ground states of Fe and Co are

2

derived from s2d® and s2d’ configurations, respectively. Thus in

order to form FeH and CoH, one of two things must occur.

ldn+1

Promotion to an s configuration allows a bond to be made to

the s orbital leading to a d™162 molecular configuration.
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Figure 8. Variation in the a) homolytic M-H bond dissociation energy
and b) metal atom promotion energy as a function of metal

atom electron affinity.
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Alternatively, using an s2gn configuration, sp hybrid orbitals

can be used to form o*1d"? molecular configurations. As

discussed by Mead et al.,39 the former case occurs for Fe, Co

4

and Ni, resulting in "4, 3@ and 2A ground states, respectively.

It is likely that the metal hydrides of Ru, Rh, and Mo also have

14n ground

a"y? ground state configurations due to their atomic s
states. This would lead to aé, 3@, and 62 ground states for RuH,
RhH and MoH, respectively. Calculations indicate that the ground
state for Rui is indeed the “® state.** It should be noted that

the sZd® configuration which would lead to sp hybrid bonding is
significantly higher in energy for Mo, Ru and Rh,26 making this
possibility less likely. The correlation between the diatomic

configuration d"g?

, and the negative metal ion configurations
d"s? has previously been noted.*® This correlation between
electron and hydrogen atom binding lends additional support to
the belief that a metal s orbital is being used in the formation

of the MH bond. Furthermore, calculations for FeH, CoH and NiH

also find bonds which are predominantly s-like in character,

using a metal slan configuration.l7
It is important to note that the above correlation with
electron affinity does not imply that the M-H bond is best
described as M"-H*. 1In fact, if any ionic character is present
in the bonds, a much more likely structure would be MY-H™, due to
the low metal ionization potentials relative to that of hydrogen.
For example, a correlation between the MH bond energy and the
electron affinity for the alkali metals has previouly been

noted.46'48 In this case, the bonding should certainly not be

described as M"-H*. The correlation with electron affinity in
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our study probably reflects the similar metal atom promotions
that must occur in order to bind either an electron or a hydrogen
atom. In both cases, the metal atom is promoted to an slan
configuration where the s electron is coupled equally high and
low spin to the remaining d electrons. It is thus not surprising
that there is a linear correlation between the electron affinity
and the promotion energy, as indicated in Figure 8b.

As mentioned earlier, the ionization potentials of MH have
been determined using Equation 3 and are presented in Table 4.
It can be seen that for Co, Ni, Ru, Rh, Pd and Mo, IP(MH) >
IP(M). It should be noted that attempts to form ionic metal
hydrides using surface ionization have failed, perhaps due to the
higher ionization potential of the metal hydrides relative to the
metal atoms. As indicated in Table 6, the ground states of Ru,
14n

Rh, and Mo are derived from s configurations. As discussed

previously, the bond to H involves the metal s orbital, as

indicated by structure 1. As seen in Table 1, the ionic ground
M'(d) H(ls) M*(s) H(1ls)

2 \\\ ///' 3

Ru, Rh, Mo G__@ Fe, Co, Ni

M(s) H(1ls)
1

state for Ru+, Rh and Mot are all derived from a®

configurations, and the bonding orbitals are thought to be

1,37

primarily d in character for Mt as indicated by structure 2.
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Note that in both cases, M and MH, an s electron is ionized.
However, ionization of MH for Ru, Rh, and Mo involves ionizing an
s electron that is used for bonding. This results in an
ionization potential of MH which exceeds that of M for these
metals.

The case for Fe, Co, and Ni is somewhat different. The
bonding in MH still involves a metal s orbital as indicated by 1.
However, for these metals, the ionic hydrides also form bonds

using primarily s-like orbitals,35'49

as indicated by structure
3. Therefore, ionization of MH for Fe, Co and Ni involves a d
electron which is not used in bonding. As discussed previously,
neutral iron and cobalt both posess ground states derived from
s2a? configurations. Promotion to an slgntl configuration must
occur in order to bind hydrogen to these atoms. On the other
hand, the sld™ ionic configurations used for bonding in 3 do not
represent the ground state configurations for cot and Nit (ground
ar configurations).26 Thus for Fe, Co and Ni, the differences in
atomic and metal hydride ionization potentials reflect
differences in the atomic and ionic promotion energies to a
bonding slgn configuration. For cobalt, the two promotion
energies are roughly equal, and the ionization potentials are
similar as well. For nickel, a much larger promotion energy for
the ion results in a larger MH ionization potential. Finally,
for iron, a much larger atomic promotion energy results in a
larger atomic ionization potential.

As noted previously, palladium does not fit well onto the

correlations described above. This suggests that the bonding in

PdH is significantly different than for the other metals
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discussed thus far. There is a large discrepancy in the
experimental and theoretical estimates for the PdH bond energy.
As indicated in Table 3, two experimental values have been
determined; 56 + 6 (this work) and < 76 kcal mol'l.16 The
theoretical values determined are much lower, ranging from 30
1-1'50

kcal mo to 46 kcal mol'l.51

The ls ground state of Pd is derived from a 4410

configuration26

, which is unable to form covalent bonds with
hydrogen. The 3p state derived from a 5sl4d’ configuration is
0.95 eV higher in energy. If the 3D state were used to form a
purely s bond to H, the correlations in Figures 7 and 8a would
predict D(Pd-H)=42 and 48 kcal mol'l, respectively. These values,
especially the former, are much lower than the observed value.
This indicates that the bonding in PdH is probably more
complicated.

The ground state of PdH has been determined
spectroscopically to be a 25 state.16 Low temperature ESR
studies of PdH in rare gas matrices have indicated that the
bonding in PdH is almost purely ionic Pat-H™, with the singly
occupied orbital being predominantly a Pd 4d orbital.?? The
spectroscopically determined bond length for PdH is quite small,

1.534 A. An estimate for the strength of a purely electrostatic

bond can be calculated from Equation 6, where q; and q, are the
De(MT-H7) = (q1qp/R,) - IP(M) + EA(H) - Ep (6)

ionic charges, R, is the equilibrium separation, and E, is the

Pauli repulsion energy of the electron clouds on the two centers.
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2

Ignoring repulsions, an ionic bond energy of 42 kcal mol~l is
calculated for PdH at a bond length of 1.534 A using Equation 6.
Of course, the actual ionic contribution will be less due to
electronic repulsions. Possible justification for a fairly large
ionic contribution to the PdH bond lies in the fact that the
orbitals for Pd' are actually quite small. The ground state
configuration of Pa* is 4d9, and the size of these d orbitals is
approximately 0.8 A.53 This is about half the size of the
occupied 4s orbitals of the early first row transition metal
ions. The Pdt 4d orbitals are also smaller than the 3d orbitals
for the early metal ions of the first row.?3 Smaller orbitals
for Pa’ may result in less Pauli repulsion energy and perhaps
make a partially ionic bond possible.

Theoretical calculations all indicate participation of 4d
electrons in the bonding of H to Pd. However, the results differ
as to the exact nature of this bond. One group finds an ionic
chemical bond where the metal atom is mainly involved in sigma
donation.’® Other calculations indicate only a partially ionic
bond where the electronic charge on hydrogen is -0.3 electrons.>®
The above calculations find the bond energies D(Pd-H)=30 and 35
kcal mol'l, respectively. It should be noted that in the latter
study, the bond energy of NiH was reported to be 45 kcal mol'l,
which is substantially lower than the generally accepted value of
60-65 kcal mol'1 (Table 3). Other theoretical results get a
somewhat higher bond energy of 46 kcal mol™l for PdH.51 However,
these calculations also find the order of the two lowest
electronic states inverted by 1.20 eV. Thus the calculations

have been unable to reproduce the high experimental value
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obtained for the PdH bond energy. It appears that the reason PdH
does not fit the correlations well is due to two factors:
participation of d electrons in the bonding, and at least partial
ionic bond character. It should be noted that the PdH bond
dissociation energy determined here is in excellent agreement
with the average bond energy calculated recently for PdH,, 53
keal mol~1l.33 However, this agreement is likely to be
fortuitious. Promotion to an s'd’ state leaves the metal well
suited to form two covalent sigma bonds, where the first bond

would be expected to be weaker than the second.

Implications for transition metal ion reactivity. As

mentioned in the Introduction, the present study was in part
motivated by the observation of quite distinct reactivity for pat
with alkanes relative to that for Ru' and Rht. The uniquely high
hydride affinity of Pd* was proposed to be responsible for the
reactivity observed.?* It was suggested that Pdt activates the
C-H bonds of alkanes by a heterolytic process whereby H™ is
transferred to Pd* as a firt step. Because the hydride
affinities of the other metal ions presented in this study are so
much lower, they are not likely to undergo similar heterolytic C-
H bond activation. Rather, it is likely that alkane activation
for these metal ions proceeds via 3-center homolytic bond

insertions.
Conclusion

The homolytic metal hydrogen bond dissociation energies for

RuH, RhH and PdH are all comparable, in the range 56-59 kcal
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mol l. 1In contrast, the corresponding bond energies for FeH, CoH
and NiH are more varied; 43, 54 and 65 kcal mol'l, respectively.
With the exception of PdH, these observed bond energies can be
understood in terms of the promotion energy of the metal atom to
a state derived from an sid" configuration. The bonds of these
metal hydrides utilize what is predominantly a metal s orbital.
This is supported by a correlation with the electron affinities
of the metal atoms. The bonding in PdH is quite distinct from
the other metal hydrides. This is indicated by the lack of
correlation of the metal-hydrogen bond strength with metal atom
promotion energy or electron affinity. This is probably due to

participation of metal d electrons in the bonding, as well as

partial ionic bond character for PdH.
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CHAPTER IV

ACTIVATION OF ALKANES BY Ti+ AND V+ IN THE GAS PHASE:
MECHANISTIC STUDY USING DEUTERIUM LABELLED ALKANES
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ABSTRACT

The reactions of Tit and V' with alkanes and deuterium
labelled alkanes are studied using an ion beam apparatus. The
dominant reactions observed for both of these metal ions are
single and double dehydrogenations. Alkane loss reactions are
also observed for Tit, but may be due to electronically excited
states. The dehydrogenation mechanisms are investigated using
partially deuterated alkanes. The results are consistent with
1,2-eliminations for both V' and Ti*, where deuterium scrambling
may occur in the latter case. It is proposed that some 1,3-
elimination of hydrogen also occurs in the reaction of Tit with
n-butane. Although the dehydrogenation reactions of vt and Tit
appear to be similar to those of Rut and Rh+, there are some
important differences in the reactivity of v¥. Extensive adduct
formation and large deuterium isotope effects are consistent with
reaction intermediates which are relatively long-lived for vt
in comparison to Ti+, Ru’ and Rh*. The cause of this behavior is
suggested to arise from the inability of vt to form two strong
sigma bonds due to the 3d* electronic configuration of the ground
state ion. This renders C-H bond insertion energetically much
less favorable for V' than for the other metal ions and limits

the excitation energy of reaction intermediates.
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Recent studies have indicated that a wide variety of

transition metal ions are capable of activating the bonds of

totally saturated hydroc;'xrbons.l'6 These studies have revealed

that, although groups of transition metal ions exhibit similar

reactivity (i.e., Ru+, Rh+; Fe+, Co+, Ni+), there are also

intriguing differences in reactivity from one metal ion to

another.

For example, the metal ion mediated dehydrogenation of

n-butane has been shown to proceed via at least three distinct

mechanisms,

Scheme 1

illustrated in Scheme 1. It has been proposed that

+ He,t —H2 +
H- M\ A — H’M_Ig —_— M-Ig
+
M+ AN — ,—M—\ — \)M—” H’MW =2 o li-M-1
2
+ Hz +
Ii-M-j: _ Pl M —_— M
H— CH [

sct effects a predominantly 1,3-elimination,

3 resulting in the

formation of a metallocyclobutane complex, 1. Dehydrogenation at

Ni* centers has been shown to occur by a 1,4-elimination

mechanism,

3

resulting in the formation of a metal-bisolefin
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complex, 2. pa* appears to effect a selective 1,2-elimination
across the central C-C bond exclusively,a forming a monoolefin
complex, 3. Although these studies have led to a greater
understanding of C-H bond activation processes, it is still not
possible to predict, a priori, the mechanisms by which the bonds
of alkanes are cleaved by transition metal ions.

In the present study, we report the reactions of Tit and vt
with alkanes, with the specific objective of examining the
dehydrogenation reactions that occur at these metal ion centers.
The bond strengths of H and CH;y to these metal ions have been

7,8 and are summarized in Table 1. Some of

reported previously
the chemistry of Ti* and Vvt with hydrocarbons has been reported
previously,s'12 but these studies have not utilized deuterium
labelled alkanes. Earlier studies in our laboratory have
benefited greatly from the use of labelled hydrocarbons.lc’?”a’5
In this study, partially deutefated alkanes are used to help
elucidate the reaction mechanisms for alkane activation by [
and V¥. Deuterium isotope effects are explored by studying the
reactions with partially and totally deuterated alkanes. The
reactivity of Tit and V* is compared to that of other transition
metal ions, both early, (Sc+),5 and late (Fe+, Co+, Ni+, Ru+, Rht
and Pd+).1’4 The differences in reactivity and isotope effects

are discussed in terms of the electronic configurations of the

metal ions.

Experimental

The ion beam apparatus used in the present study has been

described previously.13 Briefly, ion beams of Tit and V' are
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TABLE 1. Bond Dissociation Energies.a

M DM -n) DM -CH N
Exp Theory Exp
it 55.,¢ 55. 56.5°
vt i 4k .5 504

8511 values in kcal/mol.
b

Reference 33.

¢

Reference 7.

dReference 8.
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produced by vaporization of TiCl, and VOCl,3 onto a hot rhenium
filament, and subsequent surface ionization at 2500 K. The
excited state distributions of Tit and V' at 2500 K are indicated
in Table 2.1% It can be seen that a substantial portion of the
ions are formed in electronically excited states for Ti* and V7,
37% and 23%, respectively. Furthermore, because the transitions
between the low-lying states are all parity forbidden, it is
expected that the excited state lifetimes will be quite long.15
The metal ions are collimated, mass- and energy-selected, and
focussed into a collision chamber containing the neutral reactant
at ambient temperature. Product ions scattered in the forward
direction are analyzed using a quadrupole mass spectrometer. The
flight time of the metal ions through the apparatus is
approximately 10-30 usec, which may be shorter than the excited
state lifetimes of the metal ions. Thus, the reactions observed
could be a combination of ground and excited state reactions.
Deuterium labelled CH3CD3(98 D), propane-2,2-d2(98 D),
propane-d8 (98.5% D), n-butane~1,1,1,4,4,4-d6( 98 %D), n-butane-
dio (98.5 8D), and 2-methy1propane—2-dl(98 $D) were obtained from

Merck, Sharp and Dohme.
Results

Both Tit and V' react with alkanes to form a variety of
products. Although the major products of these reactions are
quite similar, there are substantial differences in the minor
products. For example, the cross-section behavior for the reac-

tions of Ti* and V' with n-butane is illustrated in Figures 1
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TABLE 2. Lower Electronic States of Ti+ and V+ and Their
Relative Ion Populations at 2500 K.

= Relative

State Configuration Energy Population
it 4y 3d0hs 0.00 .61

“p 34> 0.11 37

2p 324" 0.56 .02

2p 3a%4¢" 1.05 <.01
vt ’p 3q% 0,00 .77

’F 345 0.34 .23

A 333! 1.08 <.01

aState energies in eV are a weighted average over the J states from
Reference 14.
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and 2, respectively. The exothermic reactions are easily identi-
fied since their cross sections decrease with increasing relative
kinetic energy. It can be seen that the two most prominent
exothermic processes for Tit and vt reacting with n-butane are
the same, namely, loss of one and two molecules of H2. However,
the reaction of Ti% with n-butane also results in a variety of
minor exothermic products not observed for v*. This trend is
true in general for the reactions of Ti* and V' with alkanes.
Product distributions and overall cross sections for the
reactions of Tit and V' with alkanes at a relative kinetic energy
of 0.5 eV are given in Table 3. Also included in this table are
previous results from ion cyclotron resonance (ICR) experi-
ments.g’10 The major products in most cases are similar, using
the two methods. However, our study finds a number of minor
products not reported previously for Ti*. There are two possible
explanations for the differences. First, it is possible that
these products were overlooked in the earlier study because they
comprise such a small fraction of the product distribution. No
products were reported in the earlier study that had an abundance
of less than 4% of the total product. A second possibility is
that the minor processes we observe are due to electronically
excited state ions. This may certainly be the case. However, it
is expected that excited state ions would be as abundant, or even
more so in the ICR studies because the ions are created by elec-
tron impact ionization of volatile organometallic precursors at
70 eV. 1Ions created in this way have previously been shown to be
formed with a high degree of electronic as well as translational

excitation.ls'18 The possiblility that different electronically
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Figure 1. Variation in the experimental cross section for the reaction
+
of Ti with n-butane as a function of relative kinetic energy

in the center of mass frame.
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Figure 2. Variation in the experimental cross section for the reaction
+
of V' with n-butane as a function of relative kinetic energy

in the center of mass frame.
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TABLE 3. Product Distributions for the Reactions of Ti+ and V+

with Alkanes at a Relative Kinetic Energy of 0.5 ev.?

Neutral it N vt . d
Alkane Products Ion Beam ICR Ion Beam ICR OMax
no
C2H6 H2 .96 1.0 1.0 reaction
*
2H2 .04
oTOT® 5.2 0.9 50.
C3H8 H2 .94 1.0 1.0 1.0
*
2H2 .03
CH4 .03
O0TOT 55. 13. 60.
n—C[}H10 H2 .17 .39
2H2 .66 1.0 .61
CH4 .09 tr
CH4+H2 .03
C2H4 .02
C2H6 .03 tr
OTOT 45. 48. 68.
iso- H .90 .84 1.0
C H .
e 2H .06 .16
2
CH4 .02
CH4+H2 .01
CZH4 .01

OoTOT 154. 65. 68.
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TABLE 3. (cont'd).

Neutral Ti+ b V+ d

Alkane Products Ion Beam ICR Ion Beam ICRC OMax
2,2~ H2 .54 22
dimethyl-
propane 2H2 .05 .16

CH4 =13 .76

CH4+H2 .26 .62 .24

oTOT 73. 3.0 75.
2,2,3,3- 2H2 .70 .67
tetra-
methyl- CH, +H .11

4 72

butane

C2H6+H2 .09

C3H8 .05

C3H8+H2 .01

C4H10 .03 .33

C4H10+H2 .01

oTOT 141. 30. 94,

a : . — : S
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