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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 provides a detailed study of the reactions of 

Ru+, Rh+ and Pd+ with alkanes. The reactivity observed is 

contrasted to that of their first row congeners Fe+, co+ and 

N·+ 
~ . 

Chapter III presents a determination of the heterolytic, M+-

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 s 1dn electronic configuration. 

Chapter IV examines the reactions of Ti+ and v+ with alkanes 

and deuterium labelled alkanes. Dehydrogenation mechanisms and 

deuterium isotope effects are explored. 

Chapter V reports the unusual reactivity of Sc+ with 

alkanes. The ability of Sc+ 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 I 

INTRODUCTION 
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Recent studies have shown that transition metal ions in the 

gas phase can activate the C-H and C-C bonds of saturated 

hydrocarbons . 1 - 6 The complex mechanisms of alkane activation 

have been studied using a variety of complementary techniques. 

These include labelling studies, 1c• 3 •4 product structural 

analysis using collision-induced dissociation, 7 - 9 and 

measurements of kinetic energy release distributions. 10 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 

h d b . . F + C + d N'+ . . y rocar on act~vat~on at e , o an ~ centers ~s emerg~ng. 

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+, Rh+ 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 

co+. Whereas competitive C-C bond insertions and/or B-alkyl 

transfers occur at Fe+ and Co+ centers, the corresponding 

processes do not occur competitively for Ru+ and Rh+. 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 

Pd+ is proposed to account for the distinct reactivity observed 
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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 D(M+-H) 

and D(M+-cH3) have been reported previously for a number of metal 

ions. 11 -13 In Chapter III, the homolytic bond energies, D(M-H), 

and the heterolytic bond energies, D(M+-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 s1dn 

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 d10 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. 14 - 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 Ru+ 

and Rh+ than to the other first row transition metal ions. There 

are important differences, however, in the reactions of v+. 

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 Ti+ and v+ are interpreted from an examination of 

the bonding to these metal ions. 

In Chapter V, the gas phase reactivity of sc+ is reported. 

The reaction of Sc+ 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 sc+ is proposed to be a result of the formation of two strong 

sigma bonds to the metal center . The electronic configuration of 

ground state Sc+, s 1d1 , is ideally suited to the formation of two 

strong sigma bonds with only a minimal loss of electron exchange 

energy. 
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ABSTRACT 

The reactions of Ru+, Rh+ 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 Pd+ 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 Fe+. In most respects, Ru+ and Rh+ exhibit similar 

reactivity quite distinct from that observed for Pd+. 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 ~-H transfers. In contrast to the reactions of 

their first row congeners, neither ~-methyl transfers or C-C bond 

. . . . 1 R+ dRh+ ~nsert~ons occur compet~t~ve y at u an centers. 

Furthermore, evidence is presented which indicates that the 

barriers for reductive elimination of H2 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 Pd+ appears in some ways to be quite similar to 

that of Ni+, the mechanism by which alkanes are activated by Pd+ 
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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 Pd+ 

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 Pd+ 

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 ~-hydrogen versus ~-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. 1 - 6 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 H2 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+, Rh+ 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 CH3 to transition metal 

ions.lb, 9-ll 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. 12 •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(C0) 12 , [Rh(C0)2Cl) 2 and 

PdCl 2 (anhy) onto a hot rhenium filament, and subsequent surface 

ionization at 2500 K. In this experimental arrangement, 

electronically excited ions are less than 1% of the total ion 

abundance for Ru+, Rh+, and Pd+.ll 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 

M+-H 53.a 48.a 39. 8 4l.b 42.b 45.b 

+ M -CH3 68.b 61. c 48.c 54.b 47 .b 59.b 

M+-H- 208.d 218.d 224.d 208.d 214.d 231. d 

aReference 10. 

bReference 11. 

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(C 2H4 ) 

+ Rh(C3H6 ) 

(1) 

(2) 

respectively. Loss of H2 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. In order 

to observe only exothermic reactions, the relative kinetic energy 

used in these experiments was quite low, < 0.25 eV. 

Labelled ethane (l,l,l-d3 , 98% D), propane (2,2-d2 , 98 %D), 

n-butane (1,1,1,4,4,4-d6 , 98 %D), and 2-methylpropane(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 Rh+ 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 Co+ with n-butane are illustrated in 

Figure 2 for comparison.la It can be seen that there are 

significant differences in product distributions and their 

variation with translational energy in the reactions of co+ and 

Rh+ with n-butane. Whereas Co+ reacts to form three exothermic 

products corresponding to loss of H2 , CH4 , and c 2H6 , only 

hydrogen loss products are observed as exothermic reactions for 

Rh+. The alkane loss channels for Rh+ appear to have 

translational energy thresholds, as indicated in Figure lb. 

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 

Rh+ with alkanes. 5 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 

(~ 5 -c 5H5 )Rh(C0) 2 . Electron impact ionization has been shown to 

produce a distribution of ground and excited state metal 

ions. 15 •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 we11. 17 
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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 

Co+ with n-butane as a function of relative kinetic energy, 

Reference la. 
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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.a 

Alkane 

CH4 

C2H6 

C3H8 

n-C4H10 

i-C4Hl0 

neo-C5H12 

Neutral 
Products 

H2 

Totald 

H2 
2H2 
CH4 

Total 

H2 
2H2 
CH4 
C2H6 

Total 

H2 
2H2 
CH4 
H2 ,cH4 
C2H6 

Total 

H2 
2H2 
3H2 
CH4 
CH4 ,H2 
C2H6 
C2H6 ,H2 
C3H8 

Total 

0.5 ev 

N.R. N.R. 

1.0* 1.0* 

10 19 

.90* .97* 

.10 .03 

40 40 

.20* .27* 

.80* .73* 

38 48 

. 73* .91* 

.21* .06 

.02 .01 

.02 .02 

.02 

95 65 

.22* . 32* 

.OS* .10* 

.15* .40* 

.58* .07* 
.06* 
.OS 

99 40 

Rh+ ___ ...., 
2.0 ev 

N.R. N.R. c 

1.0* 1.0 N.R. 

1.0 

.20* .94 .54* 

. 67 .06 

.13 .46* 

8.0 6.3 

. 38* 
.88* 1.0 

.21* 
.12 .41* 

25 29 

.10* .43 1.0* 

.49 .48 

.08 .09 

.30 

. 03 

30 110 

.03* .15 

.21* .29 

.05 .02 

.14* .13 1.0* 

.34* .34 

.07* .05 

.11 .02 

.OS 

29 53 
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Table 2. continued. 

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

bProduct distributions for the reactions of Rh+ reported in 
earlier ICR study (Reference 5). 

cNot studied. 

drotal reaction cross sections, reported in A2 . 
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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 (usee). However, this is not expected to 

account for all of the observed differences. 

As indicated in Table 2, the main exothermic reactions of 

Ru+ 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 w1th 2-methylpropane as a function of relative kinetic 

energy . 
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alkanes leads to loss of smaller alkanes in addition to H2 . In 

order to gain insight into the specific reaction mechanisms, a 

study of the reactions of Ru+, Rh+, and Pd+ 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 aimed at obtaining thermochemical 

information, the exothermic reactions of Ru+, Rh+, and Pd+ with 

acetone were studied. The exothermic products formed in these 

reactions are presented in Table 6. Also included in this table 

are previous ion beam results for Fe+, Co+, and Ni+.lS It can be 

seen that although the product distributions for Pd+ closely 

resemble that of the first row ions, two additional reactions, 

loss of CH4 and loss of (H2 + C0), 19 are prevalent for Ru+ and 

Rh+. ICR 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 kcaljmo1. 21 Using 
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Table 3. Isotopic Product Distributions for Dehydrogenation of 
Deuterated Alkanes by Ru+, Rh+, and Pd+. 

M+ Alkane 

Ru+ 

CH3CD3 

CH3cD2cH3 

C(CH3) 3D 

CD3CH2cH2cD3 

Rh+ 

CH3cD3 

CH3CDzCH3 

C(CH3) 3D 

CD3cH2cH2co3 

CH3co2cH3 

C(CH3) 3D 

CD3CHzCH2co3 

Neutral Product 
Sin~le Dehydrogenation Double Deh;:Ldro~enation 

Hz HD Dz 2H2 Hz 2HD Dz 2D2 
or 

+HD Hz+Dz +HD 

.15 .73 .12 

.10 .78 .12a .58 .42 

.20 .80 1.00 

.20 .46 .34b b .09 .30 .38 .17 .06 

.09 .83 .08 

.14 .79 .07 . 71 c .29c 

.27 .73 1.00 

.32 .61 .07a .OS .40 .36 .19 

1.00 

1.00 

1.00 

aThe identity of this product is uncertain due to the identical 
masses of D2 and 2H2 . To make the product distributions best 
match those in Table 2, all of this mass product was assigned to 
be loss of D2 . 

bThis product was assigned to be a 50:50 mixture of D2 and 2H2 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 Ru+, Rh+, and Pd+ at a relative kinetic 
energy of 1.0 ev. 

Alkane 

CH3co2cH3 

C(CH3) 3D 

co3cH2cH2co3 

Neutral 
Product 

CH4 

CH4 

CH4+H2 

CH4+HD 

CD3H 

C2H2D4 

Rh+ 

l.Oa 

1.0 1.0 1.0 

0.5 

0.5 1.0 

l.Oa 

l.Oa 

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. 8 

propane isobutane n -butane 

Feb .42 .OS . 05 

Cob .39 .07 .07 

Nib .25 .09 .06 

Ru 0 0 0 

Rh 0 0 0 

Pd .35 .23 . 57 

aFraction 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. 



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 Fe+a co+a Rh+ 

co .07 .10 .06 .15 .03 .07 

.93 .90 .94 .19 .27 .93 

.58 .60 

.08 .10 

8 Reference 18. 
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previous values for the first metal-methyl bond energies (see 

Table 1) implies D(RuCH3+-CH3) > 42 kcaljmol, D(RhCH3+-cH3) > 49 

kcaljmol, and D(PdCH3+-cH3) > 37 kcaljmol. Observation of 

exothermic loss of (H 2 + CO) indicates that D(M-C2H4+) > 38 

kcaljmol 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 

Rh+ 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? In 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 CD4 do not react with Rh(C 2H4 )+, c 2n6 reacts to 

lose H2 , HD and D2 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 Rh+ with c 2H6 and c 2n6 , the product 

(C2H4 )-Rh-(C2D4 )+ could be formed from either Rh-(C 2H4 )+ reacting 

with c 2n6 or Rh-(C 2D4 )+ reacting with c 2H6 . In 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. 

Olefin Reactant 

Rh-C2H4+ 

D2 

CD4 

C2D6 

Rh-C3H6+ 

D2 

CH4 

C2D6 

Hydrogen loss 
D2 HD H2 

N.R . 

N. R. 

.41a . 46 .13 

1.0 

N.R . 

. 49c 233 .18 

Ethane loss 

.sob .37b .13b 

.64 . 26 . 10 

aThe product of this mass, (c2o4)-Rh-(C2H4)+, could result from 
the reaction of Rhc2o4+ with c 2H6 or from the reaction of RhC 2H4+ 
with C2D6 . 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 2H4+ (mass-136) 
and RhC2D4+ (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 RhC 2H4+ and 
only 25% due to triple exchange from RhC 2o4+. The corresponding 
assignment was used for the mass 139 peak. 

cThe product of this mass, (C2D4 )-Rh-(C3H6)+, could result from 
the reaction of either primary olefin. Because the ratio of 
primary 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 c2o6 . 
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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 Rh+ with c3H8 and c2n6 simultaneously. The products 

were assigned based on the relative intensity of the primary 

olefin products. The secondary reactions presented in Table 5 do 

not occur for Fe+, co+ 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 Rh+ with alkanes are fairly similar 

and are dominated by the loss of one or more molecules of H2 . 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 Ru+ and Rh+ does not 

resemble that of their first row congeners, Fe+ and Co+. 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 Ru+ and Rh+, the reactivity of Pd+ appears at 

first glance to be remarkably similar to the first row metal ions 

Fe+, co+, and Ni+ (see Tables 6 and 8). However, the uniquely 

high Lewis acidity of Pd+ results in distinctive reactivity as 
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Table 8: 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 Fe+a co+a Rh+ 

H2 . 20 .29 .48 .20 .27 .38 

2H2 .80 .73 

CH4 .41 .12 .06 .21 

C2H6 .39 .59 .45 .41 

aReference 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 structures2b, 3b• 7 •15 · 24 in conjunction 

with experiments involving deuterium labelled n-butane-

1 1 1 4 4 4-d lc, 4 •25 reveal at least three distinct mechanisms . . ' ' ' ' 6 

sc+ has been shown to undergo a 1,3-dehydrogenation, 4 whereas co+ 

and Ni+ effect 1,4-dehydrogenations forming his-olefin 

complexes. 3b• 7 Dehydrogenation at Fe+ centers appears to occur 

via a combination of 1,2- and 1,4-mechanisms. 3b,B These latter 

two mechanisms are illustrated in Schemes 1 and 2. 

Scheme 1 

. H'M-n 
-Hz 

M-J' 
/"' 

H-M~ - H/ 
.... r\. 

L '-._. 
H-M-\ H'M-( 

-Hz t:.-( 
H/ 2 

Scheme 2 

.... r\ < - 11-t.-11 
• 
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The product distributions observed for the reactions of Ru+ 

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-2d1 is loss of HD. 

Scrambling leads to the loss of a smaller amount of H2 , a process 

not observed for the first row metal ions. The presence of 

scrambled products is consistent with low barriers for fi-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 1,1-elimination. These two processes 

cannot be distinguished in this experiment. 

The results of the dehydrogenation of n-butane by Ru+ 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 fi-ethyl transfer. As will be discussed later, there is 

evidence that neither exothermic C-C bond insertions or 

competitive fi-alkyl transfers occur at Ru+ and Rh+ centers. 

Furthermore, any elimination mechanims proposed must accomodate 

the loss of a second H2 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 H2 

molecule via allylic hydrogen transfers from 1 or Z as indicated 

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

Scheme 3 
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olefin complex ~. may not easily rearrange to eliminate a second 

molecule of H2 . In ICR experiments, reaction 3 has been 

-----> (3) 

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

calculated encounter rate. 27 Because the Rh(C2H4 ) 2+ adduct 

formed in reaction 3 has at least 12 kcal/mol more internal 

energy than would~ formed by reaction with n-butane, it is 

unlikely that ~ would be able to react to lose H2 to any 

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

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

Rh+. 

Observation of multiple hydrogen loss in the reactions of 

Ru+ and Rh+. As indicated in Table 8, Ru+ and Rh+ react with n-

butane to lose two molecules of H2 , 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 Co+ (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 Ni+ 

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. 7 A simplified potential energy surface 

indicating these proposed barriers is illustrated in Figure 4, 

where intermediate ~ can competitively decompose to lose H2 or 

c 2H6 . Based on the above observations, reaction 4 should have a 

------> (4) 

significant activation barrier for Fe+, co+ 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 Fe+, Co+ and Ni+. 

As indicated in Table 7, reaction 4 is observed to be an 

exothermic process for Rh+. Therefore, this process must occur 

without a large activation barrifr for Rh+. In fact, there can 

be essentially no barrier for oxidative addition of R-H at 

Rh(C 2H4 )+ centers, and a barrier of less than 4 kcaljmol for 

either P-H transfer from intermediate ~ or reductive-elimination 

of H2 from intermediate 2. as indicated in Figure 4. The 

abundance of scrambled products in reaction 4 using labelled c 2n6 

indicates that the barrier for reversible P-H transfer from 2 is 

lower than the barrier for H2 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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Figure 4. Qualitative potential energy diagram for the decomposition of 
+ (C

2
H

4
)MH(C

2
H

5
) for M = Rh and Co. The products corresponding 

LO loss of ethane are shown on the left, and those corresponding 

to loss of H
2 

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-2C2H4) = 86+kcal/mol, 

D(C
2
H

4
)

2
Rh-H

2
) = 95 kcal/mol, and D(D

2
H

4
Rh-HR) = 102 kcal/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+, Ni+ 

and Pd+, they are not observed for Ru+ and Rh+, 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-M~ 
7 

H, + 
-M-Il 

H'~· 7 
8 

-~ --

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, £, held together by ion-

induced dipole interactions. The adduct ion could also be an 

inserted species such as l, or a rearranged complex as indicated 

by ~. 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, ~-hydrogen transfer 

and H2 elimination determine which adduct structure is dominant. 

At low pressures, if the overall decomposition rate is slow 

enough ( < 4 x 104 sec- 1 ), then the internally excited adducts 

will be detected directly. At high pressures, if the adduct 

decomposition rate is slow enough ( < 106 sec - 1 ), the adducts may 

live long enough to suffer a second stabilizing collision. In 

this case, adducts sufficiently cooled will be detected . For 

+ 
M- ~ 
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overall reaction rates> 107 sec- 1 , it is unlikely that any 

adduct would be detected, even at elevated pressures. The fact 

that no adducts are observed for Ru+ and Rh+ reactions thus 

indicates faster reaction rates than observed for their first row 

congeners. This is consistent with the very small fi-H transfer 

and reductive elimination barriers proposed above for Ru+ and 

Rh+. 

The implications of low H2 elimination barriers for the 

potential energy surfaces of Ru+ and Rh+ reactions can be seen in 

the dehydrogenation reaction of n-butane. As discussed above, 

Ru+ and Rh+ 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 

H2 from 2 (Figure 4), the elimination of H2 to form 1 or 2 

(Scheme 1) is 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(C4H8 )+ 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 Ru+ and Rh+. As 

indicated in Figure 3, the only clearly exothermic product 

observed in the reaction of Rh+ with 2-methylpropane is Hz loss. 

Although loss of CH4 is the thermochemically preferred product, 28 

it is nQt 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 CH4 from 2-

methylpropane in the reaction with Fe+, co+, and Ni+ . lb One 

involves insertion of the metal ion into a c-c bond, followed by 

P-H transfer and subsequent reductive elimination of CH4 . 

Alternatively, insertion into a C-H bond can be followed by P

methyl transfer and elimination of CH4 . 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) initial insertion into a C-C versus C-H bond 2) P-H 

transfer versus P-alkyl transfer and 3) reductive elimination of 

HR versus reversible P-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 Rh+ is a result of non-

competitive HR elimination. Furthermore, p-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 Ru+ and Rh+ is postulated . 

Hydrogen loss products are observed in abundance for Ru+ and Rh+ 

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 ~-methyl transfer must be much higher than 

for ~-hydrogen transfer, or the frequency factor much lower. 

This renders ~-methyl transfer unable to compete with ~-hydrogen 

transfer and results in the observation of only H2 loss products. 

An important exception is the loss of CH4 observed in the 

reaction of 2,2-dimethylpropane with Ru+ and Rh+. In fact, loss 

of CH4 is the major exothermic reaction observed at low energy 

for Rh+. This is consistent with the above ideas in that, after 

C-H insertion, no ~-H's are available, which then permits 

competitive transfers of less favorable groups such as CH3 . 

Furthermore, once ~-methyl transfer occurs to form a 

hydridoalkyl-rhodium complex, there is essentially no barrier for 

elimination of RH. Thus the Rh(olefin)+ complex is formed with 

very high internal excitation wh~ch allows the products to react 

further. This is consistent with the prevalent loss of (CH4+H2) 

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 H2 molecule is lost 

first, followed by elimination of methane from the highly excited 

metal-olefin complex. Studies with deuterium labelled 2-

methylpropane-2-d1 (Table 4) indicate that the methane lost in 

the reactions with Ru+ and Rh+ is purely CH4 . 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 Rh+. From these data alone, it is not possible to 

explain this difference in the reactivity between Ru+ 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 ~-H's results in the transfer of a ~-methyl group and 

elimination of CH4 . Although this is by far the dominant process 

for Ru+ and Rh+, it is not observed in the ion beam experiment 

with Fe+, co+, or Ni+ (Table 6). 

Comparison of first and second row transition metal ion 

reactivity. The difference in reactivity between Ru+ and Rh+ and 

their first row congeners suggests differences in the potential 

energy surfaces which are summarized below. First, whereas Fe+, 

Co+ and Ni+ complexes have large activation barriers for 

reductive elimination of H2 and possibly HR, the corresponding 

eliminations at Ru+ 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 

h b d f . . F + C + d N"+ as een propose or react1ons occurr1ng at e , o an 1 

centers,lc, 3b· 25 in most cases the results may also be explained 

by C-H bond insertion followed by ~-alkyl shifts. Unfortunately, 

labelling studies do not differentiate these two mechanisms. In 

contrast, results for the second row metal ions clearly indicate 

that Ru+ and Rh+ do not exothermically cleave C-C bonds. 
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Finally, there may be differences in the relative activation 

parameters for P-H and p-alkyl transfers for the first and second 

row metal ions . Although there are few unequivocal observations 

of P-methyl transfers for gas phase transition metal ions, there 

is evidence for competitive P-methyl transfers at Fe+ centers.lc 

Migratory insertions of ethylene into the M-CH3+ bond of Co+, 29 

sc+, 4 and Ti+ 30 complexes also indicate that P-methyl transfers 

can occur for the first row transition metal ions. Similar P-

methyl transfers do not occur in competition with P-hydrogen 

transfers for Ru+ and Rh+. 

It is possible that the observed differences 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 

metal hydrides FeH+, CoH+, and NiH+ indicate that the bonding in 

these molecules involves a metal orbital which is 85-90% s-like 

in character. 31 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 s1dn, indicating a bond that involves a 

metal 4s orbital . 32 Because the first bond utilizes what is 

+ + primarily an 4s orbital, formation of a second bond to Fe , Co , 

and Ni+ 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(CoCH3+-cH3) - 45 kcal/mol, 7b 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 Co+ to an s 1dn 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 dn 

configurations, the metal orbital involved is predominantly d

like in character. 11 This is due to the more similar size of the 

Ss and 4d orbitals in the second row transition series. Thus, 

the second bond to Ru+-H and Rh-H+ might be expected to have the 

~ 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. 35 The second row 4d orbitals are also much smaller 

than the first row 4s orbitals. 35 This difference is reflected 

in the shorter bond lengths for RuH+ and RhH+ relative to FeH+ 

and CoH+. 35 Yhen 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 ~-H transfers involving a four center 

transition state. 36 However, due to the directionality of a 

methyl orbital, less bonding is expected in the transition state 

for ~-methyl transfer than for ~-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 ~

methyl transfer. It is thus possible that the dn 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 H2 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 Mo+ in MoH2+ are 80% d in character with a bond 

angle of 64°. 37 In contrast, the hydrogen bonds to Sc+ 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 Pd+. The 

product distributions for the reactions of Pd+ with alkanes are 

seemingly quite similar to those observed for Fe+, Co+, and Ni+ 

as indicated in Tables 6 and 8. In 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+.lc However, closer inspection of the 

hydrogen loss products reveals some substantial differences in 

reactivity. For example, reaction of Pd+ 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 D2 

for Ni+ . lc, 2b, 3b Both co+ and Ni+ dehydrogenate n-butane 

exclusively via a 1,4 -mechanism, with scrambling occurring in the 

Co+ case. 7 In contrast, dehydrogenation by Pd+, appears to occur 

by a quite distinct 1,2-mechanism across the central C-C bond 

exclusively. 

Another difference in the reactivity of Pd+ 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 Rh+, it is much less pronounced. The opposite trend 

occurs for Fe+, Co+, and Ni+. 39 

An examination of the bonding to Pd+ gives insight into its 
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unusual reactivity. The configuration giving rise to the 2o 

ground state of Pd+ is 4d9 , 40 which has only one unpaired 

electron available for formation of a covalent bond. In this 

respect, Pd+ is quite similar to its first row congener Ni+ 

(3d9 ). The high reactivity of Ni+ is thought to be a result of 

the low promotion energy (only 23 kcaljmol) required to excite 

Ni+ to a bonding s 1d8 configuration which is able to make up to 

three covalent bonds. In contrast, the promotion energy required 

to excite Pd+ to a bonding s 1d8 configuration is much larger, 83 

kcaljmol. From this point of view, Pd+ is more similar to Mn+ 

(s1d5 ). Mn+ 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 Pd+ is able to activate 

alkanes while Mn+ is not. 

Possible mechanisms for the activation of alkanes by Pd+ 

involve using different oxidation states of palladium. For 

example, Pd+ may insert into alkane C-H or C-C bonds by H- or R 

abstraction, leading to Pd(O) complexes as shown in 

structures 2 and lQ, respectively. In these structures, the 

0 + + 0 R1-Pd -R2 <-----> R1 -Pd -R2 

10 

alkyl cation remains bound to the metal center by acid-base 

interactions. 

The configuration giving rise to the 1s ground state of 

Pd(O) is 4d10 , which is unable to make any covalent bonds. 

However, the promotion energy to the Ss14d9 configuration 
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favorable for bonding is only 18.7 kcaljmo1. 40 The bonding in 

intermediates such as 2 would then involve a covalent bond to H 

using the singly occupied Ss orbital, and a donor-acceptor bond 

to R+ using a filled 4d orbital as illustrated schematically by 

ll and 12.. 

H (II) 

Pd (&a) 

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 It is seen that the hydride affinity of Pd+ is 

comparable to that of tertiary alkyl cations. Thus formation of 

intermediates such as 2 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 Mn+ is much lower, 42 making 

hydride abstraction energetically unreasonable as a first step in 

C-H bond activation by Mn+. 

As indicated in Figure 5, primary C-H insertion by Pd+ 

requires a donor-acceptor bond energy in excess of 35 kcal/mol. 

It is possible that this energy requirement renders primary 

hydride abstraction unreasonable. In this case, another 

mechanism must be invoked to explain the reaction of Pd+ with 

2,2-dimethylpropane to lose CH4 . Insertion into a C-C bond in 

this case would form an intermediate such as lQ 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, CH4 and PdCH2+ via 

a-hydrogen abstraction. 43 

The hydride abstraction model presented above is supported 

by the reaction of Pd+ with deuterium labelled n-butane-

l,l,l,4,4,4-d6 . 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 l-butene. 44 

Dehydration of 2-butanol on Al2o3 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 

Pd+ with saturated alkanes. It should be noted that in condensed 

phase studies at Pd(ll) centers, carbonium ion intermediates have 

been previously proposed. 46 For example, oligomerization and 

isomerization of olefins by Pd(CH3CN) 4
2+ 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 Co+ 

and Ni+ 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 Ru+ and Rh+ are characterized 

by C-H insertions and facile ~-H transfers. Unlike their first 

row congeners, ~-methyl transfers and C-C insertions do not occur 

for Ru+ and Rh+. Furthermore, the barriers for reductive 

elimination of RH and H2 from Rh-olefin+ complexes are quite 

small, in contrast to those proposed previously for Co+. This 

may result in high internal excitation of the primary 

dehydrogenation products for Ru+ and Rh+ reactions. In this 

case, the products themselves may undergo an exothermic 

elimination of a second molecule of H2 , 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 Pd+ 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- 1 , respectively. 

In contrast, the corresponding bond energies for FeH, CoH and NiH 

are quite varied, 43 ± 6, 54± 10 and 65 ± 6 kcal mol- 1 , 

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 s 1dn 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 d10 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 important. 1 · 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 . 5 · 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 

transition metal series, 8 - 14 as well as for several metals of the 

second and third row series.lOb,l3 •15 •16 Theoretical descrip

tions of the bonding in metal hydrides has been predominantly 

limited to those metal atoms in the first transition series. 17 - 19 

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

the electron affinity of hydrogen, 21 as indicated by Equation 1, 

(1) 

derived from Scheme 1. The heterolytic M+-H- bond dissociation 

D(M-H) 
Scheme 1 M-H 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 

(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. 22 •23 

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 M+-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. 24 

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 

described previously. 25 Briefly, ion beams of Ru+, Rh+ and Pd+ 

are produced by vaporization of Ru3 (C0) 12 , [Rh(C0) 2Cl] 2 and 

PdCl2 (anhy) onto a hot rhenium filament, and subsequent surface 

ionization at 2500 K. In this experimental arrangement, 

electronically excited ions are less that 1.5% of the total ion 

abundance for Ru+, Rh+, and Pd+ 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 Energy a Population 

Ru+ 4F 4d 7 0.00 .986 
4p 4d 7 0.88 .006 
6D 4d65s 1 

1.09 .006 
2G 4d 7 1.25 .002 

Rh+ 3F 4d8 
0.00 .995 

1D 4d8 
0.81 .004 

3p 4d8 1.18 .001 
1G 4d8 1.64 .000 

Pd+ 2D 4d9 0.00 1.000 
4F 4i5s 3.19 .000 
2F 4d85s 3.94 .000 

Fe+ 6D 3d64s 1 0.00 .765 
4F 3d7 0.25 .230 
4D 3d64s1 0.98 .005 
4p 3d7 1.64 .000 

Co+ 3F 3d8 0.00 .812· 

SF 3d 74s1 0.43 .185 
3F 3d74s1 1.21 .003 

Ni+ 2D 3d9 0.00 .981 
4F 3d84s 1 1.09 .018 
2F 3d84s 1 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 Ni+ were obtained using FeC1 3 (anhy), 

CoCl2"6H2o, and NiC12 .6H2o. The excited state population of 

these ions at 2500 K, which are appreciable in the cases of Fe+ 

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 M+-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 

varies from below 10· 11 to 1.5 x 10· 9 cm3 molecule-! sec- 1 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 M+-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 M+. · ·HA. An intrinsic barrier 

separates this species from an adduct of the products, indicated 

by MH· ·.A+. 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 

reactions 28 •29 and proton transfer processes. 30 Unfortunately, 

there are no potential energy surfaces which have been well 



68 

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 ion 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. In 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 ions. The 

reactions of Fe+, co+, Ni+, Ru+, Rh+ and Pd+ with a series of 

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 large number of products. Since endothermic reactions have 

cross sections that increase with increasing kinetic energy, we 



71 

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.a 

Fe+ Co+ Ni+ Ru+ Rh+ Pd+ 

CH
3

CHO H2 .26b 

CH4 1.0 1.0 .74b .74 

MH .26 

OTOTc 45. 38. 26~ 17 . 

c2H
5

CHO H2 . 43d .27 .43 .19 .09 

CH4 .03 

c2H
6

(CH
2

0) .57d .73 .47 .81 .87 .27 

MH .10 .01 .73 

oTOT 61.d 148. 156. 79. 46. 90. 

CH
3

NH2 H2 l.Od .74 .40 1.0 1.0 

MH .26 .60 

oTOT 8.d 85. 62. 56. 22. 

(CH
3

) 2NH H2 .72 .70 

2H2 
.21 

CH
4 

.62 

CH
4
+ H2 

.13 .03 

MH .38 .15 .06 

01'0T 270. 230. 248. 
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TABLE 2. (cont 'd). 

Fe+ Co+ Ni+ Ru+ Rh+ Pd+ 

(CH3) 
3
N H2 .48 .59 

CH4+ Hz .18 .12 

M .30 

MH .70 .34 .29 

OTOT 284. 282 • 82. 

SiH(CH
3

)
3 H2 • 40e .12e .04 

CH4 .60e .33e .34 1.0 

MH .55e .62 

oTOT 23.e 190.e 261. 268. 

(CH3) 20 H2 .38 NRf 

CH
4 1.0 NR 

CH4+ H
2 or H20 .62 NR 

OTOT 18 . 55. 

(C2H5)20 H2 .11 • 01g .23 .16 

C2H4 .64 .39 .13g 

C2H6 .20 .08 .01g .09 .08 

c
2
H

6
0 .16 .11 .04g .42 .37 

CH
4
+ H

2 or H 0 ----2 .25 .22 

MH .31 .81g .01 .17 1.0 

OTOT 157. 262. 136g 208. 83. 220. 

c2H
5

0H H2 1.0 

oTOT 97. 



73 

TABLE 2. (cont'd). 

aBlanks indicate the reaction was not studied. 

bR 1 . k ' . 0 7 V e at1ve 1net1c energy . e 

02 
cTotal 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. 

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

fNo reaction was observed. 

gRelative 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 Ru+ 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 Rh+ supports our belief that the reaction involving Ru+ is 

indeed endothermic. These differences in reactivity reflect 

differences in the heterolytic M+-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+. 3l 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 Ni+ with c2H5CHO, 

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 
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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 c2H5CHO. 

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 CH3NH2 produced CoH as the major 

product. 33 This study also observed CoH as a significant product 

in the reaction of Co+ with ethyl ether. In other ICR work, Fe+ 

was not observed to abstract H- from ethyl ether. 34 All of the 

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 

determined M+-H bond energies35 - 38 to obtain the ionization 

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

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

hydrides for which the electron affinities are known, 39 •40 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. 
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TABLE 3. Metal-Hydrogen Bond Dissociation Energies. a 

This Study Previous Studies 

Ground 
State D(M-H) 

M MHb D(M+-H-) D(M-H) Sallans c Spec. 
d 

Other Theory 

Fe 4/:;. 208±6 43±6 

Co 3¢ 218±10 54±10 

Ni 21:::. 224±6 65±6 

Ru 4¢ 208±5 56±5 

Rh 3¢ 214±5 59:!:5 

Pd 2L: 231±6 56±6 

Mo 6L: 201±5 53±5 

aAll energies in kcal/mol. 

bSee discussion in text. 

c Reference 13. 

30±3 39(46)e <43f 3 7g48h34 i36j 

42±3 45±3f>39k 48g 

60(71)
1 59±2£ 55g62h64m45n 

36i 

<76° 32n30p46q 

46±3 

d Values determined spectroscopically. The numbers in parentheses are the 

e 

f 

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

Reference 20. 

Reference 10. 

gReference 18. The value for the ground 4t::. state of FeH was obtained by 
adding the calculated value for the excited 6t::. state to the experimentally 
determined excitation energy to the 6t::. state (Reference 39). 

h 4 Reference 19. The value for the ground !:::. state of FeH was calculated as 
in g. 

~eference 44. The value for RuH is for the 
4

1:::. state, not the ground 
4¢ state. 

jSchilling, J.B., unpublished results. 

k Reference 11. 

1 
Reference 8. 
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TABLE 3 • (con t ' d) • 

rn Goddard, W.A.III; Walsh, S.P.; Rappe, A.K.; Upton, T.H. J. Vac. Sci. 
Technol. 19JI, ~, 416. 

~eference 54. 

0 Reference 16. 

PReference 50. 

qReference 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 
Dissociation Energies Using Figure 4. 

M D(M-H) D(M+-H) IP(M) IP(MH)a 

kcal/mol eV 

Fe 43. 53.d 7.9 7.47 

Co 54. 47.5d 7.86 8.14 

Ni 65. 38.d 7.63 8.80 

Ru 56. 41.f 7.36 8.01 

Rh 59. 42.f 7.46 8.20 

Pd 56. 45.f 8.33 8.81 

Mo 53. 41.d 7.18 7.70 

~erived from MH bond energies using Equation 3. 

b Reference 39. 

cDerived from MH bond energies using Equation 4. 

~eference 38. 

eReference 40. 

f Reference 37. 

Bond 

EA(M)b EA(MH) D(M--H) 

kcal/mol 

3.78 21. 54e 60.8 

15.3 15.54b 54.2 

26.7 11.16b 49.5 

24.2 

26.2 

12.9 

17.2 
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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 M+ formed in an excited state is less than 

0.5 %of the total ion abundance for Rh+, Pd+, and Mo+, 3l 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-l excess electronic energy. The 

cross-section behavior for the hydride abstraction reaction of 

Ni+ 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 Ni+ with dimethyl ether is 

estimated to be at least 78 A2 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+ 

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 

exhibits a maximum cross section of only 7 A2 at a relative 

kinetic energy of 3.6 eV. Because their excited state 

populations are so low, any exothermic excited state reactions of 

Ru+, Rh+, Pd+ and Mo+ would show extremely low apparent cross 

sections at low energy, similar to those observed for Ni+. 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 Fe+ and co+ suffer severe 

complications due to the abundance of electronically excited 

state ions present in the ion beam. The excited state 

populations for Fe+ 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 

co+. Previous studies of the endothermic reactions of these 

metal ions with H2 to form MH+ have indicated that, although the 

ground state of Co+ is the reactive species, only the excited 

state of Fe+ is reactive. 42 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 Fe+ are spin allowed processes. The fact that the 

reactions with Fe+ 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 Co+ 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 Co+. Similarly, the reactions of Fe+ 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
3

)
3 

as a function of relative kinetic 

energy in the center of mass frame. 
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reaction. The hydride abstraction reaction of Co+ with CH3NH2 

has a much lower cross section, and it is possible that this 

process is due to an excited state of co+. The heterolytic co+

H- bond energy is thus chosen to be equal to the heterolytic bond 

energy of CH3NH2 , as indicated in Figure 3. 

Previous ion beam experiments have determined bond energies 

very accurately from measurements of the thresholds for 

endothermic reactions. 43 However, for the hydride abstraction 

reactions studied here, this procedure is very difficult. For 

the case of Fe+, co+ and Ni+, excited state species complicate 

the threshold region, as illustrated in Figure 5. In 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-l 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- 1 , in contrast to the range of bond 

dissociation energies observed for the first row metal hydrides 

(43 - 65 kcal mol- 1). 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- 1 . 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 

(M+ -H) have shown that the bon·.', energies increase with decreasing 

promotion energy from the ground state to a state derived from an 

s 1dn configuration. 38 This suggests a bond which involves a 

metal s-orbital. In 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 s 1dn configuration is needed. In 

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 



94 

TABLE 5. Metal-Hydrogen Bond Dissociation Energies in 
Organometallic Complexes. 

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

Fe(C0) 4H2 <65 

HCo(C0) 4 57 

3-HCo(CN)
5 58 

H
3

Ru(COCH
3

)(C0)
9 

65 

Cp(PMe3)RuH 46b 

H2RhCl(PAr3)
3 

58c 

H2RhCl(PAr3) 2THTP d 58c 

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.; 
Desmond, M.J . .:!.· Am. Chern. Soc. 12§1. 105, 444. 

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. (5) 

metals studied here are presented in Table 6. 45 

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- 1 . It 

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 s 1d10 ground states. Their metal hydrogen bond 

energies are 67, 12 54,lOb and 74 kcal mol-l,lOb 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- 1 . 8 Furthermore, for ScH, VH, and MnH, there is only 

one experimental determination of the bond energy, and none for 

TiH. 46 If the determined bond energies are accurate, another 

explanation for the poor fit with the early metals may be that 



96 

TABLE 6. 
1 n 

Promotion Energies to s d Configurations for 
Transition Metal Atoms. 

GROUND STATE EXCITED STATE 

M Config. Des. Ea Config. Des. Ea 
kcal/mol kcal/mol 

Fe d6s2 SD 0.0 d7s1 SF 20.1 
d7s1 3F 34.4 

Co d7s2 4F 0.0 d8s1 4F 9.7 
d8s1 2F 20.3 

Ni d9s1 3D 0.0 d9s1 1D 7.6 

Ru d7s1 SF 0.0 d7s1 3F 18. 

Rh d8s1 4F 0.0 d8s1 2F 14.5 

Pd d10 1s 0.0 d9s1 3D 21.9 
d9s1 1D 33.4 

Mo d5s1 7s 0.0 dSs1 5s 30.9 

aEnergies are weighted average of J states, Reference 26. 

bPromotion energy calculated using Equation S. 

P.E. b 

kcal/mol 

27. 

lS. 

4. 

9. 

7. 

28. 

15.5 
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Figure 7. Variation in the monolytic metal-hydrogen bond energy as a 
1 n function of metal atom promotion energy to an s d 

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 

described as cr+-H- . 47 A correlation with promotion energy to an 

s 1dn 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 Sa, 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 

from an s 2dn configuration. 39 The ground states of Fe and Co are 

derived from s 2d6 and s 2d7 configurations, respectively. Thus in 

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

Promotion to an s 1dn+l configuration allows a bond to be made to 

the s orbital leading to a dn+lo2 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 s 2dn configuration, sp hybrid orbitals 

can be used to form o*ldno2 molecular configurations. As 

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

and Ni, resulting in 46, 3~ and 26 ground states, respectively. 

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

dno2 ground state configurations due to their atomic s 1dn ground 

states. This would lead to 4~. 3~. and 6k ground states for RuH, 

RhH and MoH, respectively. Calculations indicate that the ground 

state for RuH is indeed the 4~ state. 44 It should be noted that 

the s 2dn 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 dno2 , and the negative metal ion configurations 

dns2 has previously been noted. 46 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 s 1dn configuration. 17 

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+. In fact, if any ionic character is present 

in the bonds, a much more likely structure would be M+-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 s 1dn 

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 Sb. 

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, 

Rh, and Mo are derived from s 1dn 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 

H(ls) M+(s) H(ls) 
l 

' / l 

Ru, Rh, Mo ~ Fe, Co, Ni 

M(s) H(ls) 
l 

state for Ru+, Rh+ and Mo+ are all derived from dn 

configurations, and the bonding orbitals are thought to be 

primarily din character for M+-H, 37 as indicated by structure 1. 
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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 

J. 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 

s 2dn configurations. Promotion to an s 1dn+l configuration must 

occur in order to bind hydrogen to these atoms. On the other 

hand, the s 1dn ionic configurations used for bonding in 1 do not 

represent the ground state configurations for co+ and Ni+ (ground 

dn 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 s 1dn 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- 1 . 16 The 

theoretical values determined are much lower, ranging from 30 

kcal mol- 1 , 50 to 46 kcal mol- 1 . 51 

The 1s ground state of Pd is derived from a 4d10 

configuration26 , which is unable to form covalent bonds with 

hydrogen. The 3D state derived from a 5s14d9 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 Sa would 

predict D(Pd-H)-42 and 48 kcal mol- 1 , 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 2~ state. 16 Low temperature ESR 

studies of PdH in rare gas matrices have indicated that the 

bonding in PdH is almost purely ionic Pd+-H-, with the singly 

occupied orbital being predominantly a Pd 4d orbita1. 52 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 q1 and q2 are the 

(6) 

ionic charges, R
0 

is the equilibrium separation, and Er is the 

Pauli repulsion energy of the electron clouds on the two centers. 
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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 Pd+ 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 Pd+ 4d orbitals are also smaller than the 3d orbitals 

for the early metal ions of the first row. 53 Smaller orbitals 

for Pd+ 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. 50 Other calculations indicate only a partially ionic 

bond where the electronic charge on hydrogen is -0.3 electrons. 54 

The above calculations find the bond energies D(Pd-H)-30 and 35 

kcal mol- 1 , respectively. It should be noted that in the latter 

study, the bond energy of NiH was reported to be 45 kcal mol- 1 , 

which is substantially lower than the generally accepted value of 

60-65 kcal mol-l (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 PdH2 , 53 

kcal mol- 1 . 55 However, this agreement is likely to be 

fortuitious. Promotion to an s 1d9 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 Pd+ 

with alkanes relative to that for Ru+ and Rh+. The uniquely high 

hydride affinity of Pd+ was proposed to be responsible for the 

reactivity observed. 24 It was suggested that Pd+ 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- 1 . In contrast, the corresponding bond energies for FeH, CoH 

and NiH are more varied; 43, 54 and 65 kcal mol- 1 , 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 s 1dn 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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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 Ti+ 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 Ti+, 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 Ti+ with 

n-butane. Although the dehydrogenation reactions of v+ and Ti+ 

appear to be similar to those of Ru+ 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 v+ 

in comparison to Ti+, Ru+ and Rh+. The cause of this behavior is 

suggested to arise from the inability of v+ to form two strong 

sigma bonds due to the 3d4 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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Introduction 

Recent studies have indicated that a wide variety of 

transition metal ions are capable of activating the bonds of 

totally saturated hydroc~rbons. 1 · 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, illustrated in Scheme 1. It has been proposed that 

Schenk 1 

+ H,M:I~ -H2 + 
H-M~ • M-1> H'' 

3 

/ ~ 
+ H,M+-11 H..+~ -H + 

M+ + ./"'.../ • rM\ .. • ~ --!...u-M-11 r H" 7 2 

~ 
~) + + -H2 

H-M) H-Mj' 
H-CH 2 

Sc+ effects a predominantly 1,3-elimination, 5 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, ~ . Pd+ appears to effect a selective 1,2-elimination 

across the central C-C bond exclusively, 4 forming a monoolefin 

complex, 1. 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 Ti+ and v+ 

with alkanes, with the specific objective of examining the 

dehydrogenation reactions that occur at these metal ion centers. 

The bond strengths of H and CH3 to these metal ions have been 

reported previously7 •8 and are summarized in Table 1 . Some of 

the chemistry of Ti+ and v+ with hydrocarbons has been reported 

previously, 8-12 but these studies have not utilized deuterium 

labelled alkanes. Earlier studies in our laboratory have 

benefited greatly from the use _of labelled hydrocarbons. 1c• 3 •4 •5 

In this study, partially deuterated alkanes are used to help 

elucidate the reaction mechanisms for alkane activation by Ti+ 

and v+. Deuterium isotope effects are explored by studying the 

reactions with partially and totally deuterated alkanes. The 

reactivity of Ti+ and v+ is compared to that of other transition 

+ 5 + + .+ + + metal ions, both early, (Sc ), and late (Fe , Co , N1 , Ru, Rh 

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 Ti+ and v+ are 
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TABLE 1. Bond Dissociation Energies.a 

M+ D(M+-H) 
b Exp Theory 

Ti+ 55.c 55. 

v+ 48.d 44.5 

aAll values in kcal/mol. 

b Reference 33. 

cReference 7. 

d Reference 8. 
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produced by vaporization of TiC14 and VOC1 3 onto a hot rhenium 

filament, and subsequent surface ionization at 2500 K. The 

excited state distributions of Ti+ and v+ at 2500 K are indicated 

in Table 2. 14 It can be seen that a substantial portion of the 

ions are formed in electronically excited states forTi+ and v+, 

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 usee, 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

d10 (98.5 %D), and 2-methylpropane-2-d1 (98 %D) were obtained from 

Merck, Sharp and Dohme. 

Results 

Both Ti+ 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. 

State Configuration Energy a 

Ti+ 4F 3d24s1 0.00 

4F 3d3 0.11 

2F 3d24s
1 

0.56 

2D 3d24s
1 

1.05 

0,00 

0.34 

1.08 

Relative 
Population 

.61 

.37 

.02 

<.01 

.77 

.23 

<.01 

a State 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 Ti+ and v+ 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 Ti+ 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.9•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 forTi+. 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. Ions created in this way have previously been shown to be 

formed with a high degree of electronic as well as translational 

excitation. 16 -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.a 

Neutral Ti+ 
ICRb 

v+ d 
Alkane Products Ion Beam Ion Beam ICRc oM.ax 

no 
C2H6 H2 .96 1.0 1.0 reaction 

2H * 2 .04 

OTOTe 5.2 0.9 50 . 

C3H8 H2 • 94 1.0 1.0 1.0 

2H * 2 .03 

CH
4 

.03 

oTOT 55. 13. 60. 

n-C4H10 H2 .17 .39 

2H2 .66 1.0 .61 

CH4 .09 tr 

CH4+H2 .03 

C2H4 .02 

C2H6 .03 tr 

OTOT 45. 48. 68. 

iso- H2 .90 .84 1.0 

C4H10 
2H2 .06 .16 

CH4 
.02 

CH
4

+H2 
.01 

C2H4 .01 

oTOT 154. 65. 68. 



TABLE 3. (cont'd). 

Alkane 

2,2-
dimethyl-
propane 

2,2,3,3-
tetra-
methyl-
butane 

a . ReactJ.on 

Neutral 
Products 

H2 

2H2 

CH
4 

CH
4

+H
2 

oTOT 

2H2 

CH
4

+H
2 

C2H6+H2 

C3H8 

C3H8+H2 

C4H10 

C4H10+H2 

OTOT 

products 
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Ion Beam Ion Beam 

.54 .22 

.05 .16 

.15 .76 

.26 .62 .24 

73. 3.0 

.70 .6 7 

.11 

.09 

.05 

.01 

.03 .33 

.01 

141. 30. 

which exhibit reaction thresholds 
endothermic processes are indicated by an asterisk. 

b 
Reference 0 

./0 

cReference 10. 

d 
a Max 

75. 

94. 

characteristic of 

~aximum cross section predicted from the encounter rate based on an ion 
interacting with a polarizable neutral: Gioumousis, G.; Stevenson, D.P. 
~· Chem. Phys. !21§, 29, 294. Polarizabilities from Chan, S.C.; Rabino
vitch, B.S.; Bryant, J.T.; Spicer, L.D.; Fujimoto, 2·N.; Pavlou, S.P. 
~· Phys. Chern. !21Q, 24, 3160. Cross sections in A • 

eTotal reaction cross section are ±50%, in A: 
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excited states are accessed by the two methods of ion formation 

could account for some of the observed differences. 

As mentioned above, the minor products in the reactions of 

Ti+ and v+ might very well be due to electronically excited 

states. This would result in the observed cross sections being 

combinations of exothermic excited state reactions and 

endothermic ground state reactions. This type of cross-section 

behavior was recently reported for the reaction of v+ with 

ethane. 8 The authors concluded that the exothermic reaction was 

due entirely to excited state v+. Our results for the reaction 

of v+ with c2H6 are in agreement with these previous results. We 

observe other reactions for v+ which may be due solely to excited 

state reactions. For example, the reaction of v+ with 2,2-

dimethylpropane forms two products, but the total reaction cross 

section is extremely low, only 3 A2 at a relative kinetic energy 

of 0.5 ev (Table 3). It is very likely that both of these 

products are due entirely to excited state reactions, and that 

the ground state of v+ does not undergo any exothermic reactions 

with 2,2-dimethylpropane. 

In addition to the reaction products indicated in Table 3, 

adducts of the reactant metal ions with the parent hydrocarbon 

are often observed in the ion beam experiment at low relative 

kinetic energies. As mentioned previously, the flight time 

through the collision chamber and detector is approximately 10-30 

usee. Thus, adducts with lifetimes in this range will be detected 

directly in the present experiment. At pressures of 1.5 mtorr, 

the time between collisions is also approximately 10 usee. Thus, 
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adducts which live 10 usee have the possiblilty of suffering a 

second collision . This could lead to stabilization of the adduct 

ion which might then live long enough to be detected. The extent 

of adduct formation for Ti+ and v+ reacting with alkanes is 

indicated in Table 4, along with previous results for other metal 

ions. It can be seen that , although similar products are formed 

in the reactions of Ti+ and v+, the extent of adduct formation is 

dramatically different for the two metal ions. Whereas adducts 

of Ti+ are only a very small fraction of the total product, v+ 

reactions are characterized by extensive adduct formation. In 

fact, adducts make up over 97% of the total products for the 

reactions of v+ with 2,2-dimethylpropane. This indicates that 

the lifetimes of the adducts of v+ are much longer-lived than the 

corresponding adducts of the other metal ions, with the exception 

of Pd+. 

In order to gain insight into the specific reaction 

mechanisms, the reactions of Ti+ and v+ with deuterium labelled 

alkanes were studied. The results for the exothermic dehydrogen

ations of labelled alkanes at a relative kinetic energy of 0.5 eV 

are given in Table 5. The results for the alkane loss reactions 

are presented in Table 6. 

As indicated in Table 3, a minor product observed in the 

reaction of Ti+ with n-butane is Ti(C2H6)+. With the use of 

labelled n-butane-1,1,1,4,4,4-d6 , it is seen that this product 

corresponds to Ti(C2D6)+. This suggests a dimethyl species 

similar to that proposed previously for Sc+ . S If formation of 

this product is due to ground state Ti+, then exothermic 

observation of this reaction indicates that the sum of the first 
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TABLE 4. Adduct Formation in the Reactions of Transition Metal 
Ions with Alkanes.a 

Sc+b Ti+ v+ Fe+c etc Ni+c Ru+c Rh+c Pd+c 

C2H6 0 .01 .25 d d d 
0 0 

d 

C3H8 0 .01 .32 .42 .39 .25 0 0 .35 

n-C H 
4 10 

0 .01 .28 .05 .07 .06 0 0 .57 

iso-

C4H10 0 .01 .27 .05 .07 .09 0 0 .23 

2,2-dimethyl-
propane .10 .18 .97 .04 . 02 .10 0 0 .31 

aF . ractl.on 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 m torr. 

b 
Tolbert, M.A.; Beauchamp, J.L., unpublished results. 

cReference 4. 

~ot studied. 

e Halle, L.F.; Armentrout, p .B.; Tolbert, M.A., unpublished results. 
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TABLE 5. Isotopic Product Distributions for Dehydrogenation of 

Deuterated Alkanes by Ti+ and v+ at a Relative Kinetic 

Energy of 0.5 eV. 

SINGLE 
DEHYDROGENATION DOUBLE DEHYDROGENATION 

M+ 
2HD or 

Alkane H2 HD D2 2H
2 H2+HD H2+ D2 D2+H2 

Ti+ CH
3

CD3 .05 .91 .04 

CH
3

cD2cH3 .07 .93 

(CH
3

)
3

CD .12 .88 .66 .64 

CD
3

CH
2

CH
2

CD
3 

.10 .90 .07a .25 .55 .13 

v+ CH3CD3 
l.Ob 

CH
3

CD
2

cH
3 1.0 

(CH
3

)
3

CD 1.0 

CD
3

CH 2cH2cn
3 

.71 .29 .15 .67 .18 

aThe identity of this product is uncertain due to the identical masses 
of D

2 
and 2H

2 • To make the product distributions best match those in 

Table 3, all of this mass product was assigned to be 2H
2

. 

b Reference 8. 
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TABLE 6. Isotopic Product Distributions for Hydrocarbon Loss from 

Deuterated Alkanes by Ti+ at a Relative Kinetic Energy 

of 0.5 eV. 

Alkane CH4 
CH

3
D CH2D2 CIID

3 
CD

4 C2H2D4 C2H3D3 C2H4 C2HD3 

CH
3

cD2CH3 .68 .32 

(CH
3

)
3

CD .81 .19 1.0 

CD CH CH CD ---- .06 .09 .53 
3 2 2 3 

.32 .59 .41 1.0 
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and second metal-methyl bond energies is greater than 112 

kcaljmo1. 19 Using the previous value for the first titanium 

methyl bond (Table 1) implies D(TiCH3+-cH3) ~ 56 kcal/mol. 

In the reaction of v+ with n-butane-l,l,l,4,4,4-d6 , it was 

observed that the product distribution was different than for 

unlabelled n-butane . To investigate this further, the reactions 

of Ti+ and v+ with totally deuterated alkanes, i.e., with n

butane-d10 and propane-d8 , were studied. The product dis

tributions for the dehydrogenation reactions of Ti+ and v+ with 

n-butane as a function of deuteration are illustrated in Figure 

3 . It can be seen that for both metal ions, as the extent of 

deuteration increases, the extent of double dehydrogenation 

decreases relative to single dehydrogenation and adduct 

formation. This effect is remarkedly pronounced, however, in the 

reaction with v+, where for labelled n-butane, the dominant 

process is no longer loss of 2H2 , but rather formation of the 

adduct ion. A large isotope effect is also observed in the 

reactions of v+ with propanes. Although adduct formation is 32 % 

of the total product for propane (Table 3), it is 70 % of the 

total product for propane-d8 . 

Discussion 

The reactions of Ti+ and v+ with hydrocarbons are dominated 

by the loss of one or more molecules of hydrogen. In addition, 

smaller amounts of alkane loss products are observed for Ti+. A 

comparison of the reactions of transition metal ions with n

butane is given in Table 7. It can be seen that the major 
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Figure 3. Product distribution for the dehydrogenation of n-butane by 

Ti+ and V+as a function of the extent of deuteration. The 

single and double dehydrogenation processes are referred to 

as H2 and 2H2, respectively, regardless of the deuterium label. 
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TABLE 7. Comparison of the Reactions of Transition Metal Ions 
with n-Butane at a Relative Kinetic Energy of 0.5 eV. 

NEUTRAL +a 
Ti+ v+ 

b +c d +e +e e 

PRODUCT Sc Fe+ Co Ni+ Ru Rh Pd+ 

H2 .37 .17 .39 .20 .29 .48 .20 .27 .38 

2H2 
.22 .66 .61 .80 .73 

CH
4 

.01 .09 .41 .12 .06 .21 

CH
4

+H
2 

.02 .03 

C2H4 .36 .02 

C2H6 .02 .03 .39 .59 .45 .41 

oTotal 103. 45. 48. 98. 170. 88. 38. 48. 29. 

aReference 5. 

b Reference 1 and Halle, L. F. and Beauchamp, J .L.' unpublished results. 

cReference lb. 

d Reference 3. 

eReference 4. 
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reactions of Ti+ and v+ are not analogous to those of the 

remaining first row transition metal ions. Instead, there is a 

similarity, perhaps superficial, to the reactivity of the second 

row ions Ru+ and Rh+. Although the reactivity appears to be 

quite similar, there are substantial differences as well. For 

example, adduct ions are very abundant in the reactions of v+ 

but are not observed at all for Ru+ and Rh+ (Table 4). 

Furthermore, although no alkane loss products are observed in the 

reactions of v+, these reactions are observed in certain 

circumstances for Ru+ and Rh+. Other clues that provide an 

understanding of the reactivity of v+ and Ti+ may be obtained 

from an examination of the dehydrogenation mechanisms and 

deuterium isotope effects that occur in the reactions of these 

metal ions. In addition, the similarities and differences in 

reactivity among the various m~tal ions can be explained in part 

in terms of the electronic configuration of the metal ions and 

the corresponding bonding configurations. 

Dehydrogenation mechanisms for Ti+ and v+. Remarkable metal 

ion specificity has been observed in the dehydrogenation 

reactions of alkanes at transition metal ion centers. These 

reactions have been studied using a variety of techniques. These 

include deuterium labelling studies,lc, 3- 5 product structural 

determinations using collision-induced dissociation, 20 - 22 and 

kinetic energy release distribution (KERD) measurements. 23 - 25 

The results have indicated that dehydrogenation of small alkanes 

+ + .+ + + + by Fe , Co , N~ , Ru , Rh , and Pd proceed via a 1,2-process 

where hydrogens from adjacent carbons are eliminated. In con

trast, hydrogen elimination at sc+ centers has been proposed to 
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occur via a 1,3-process wherein a metallocyclobutane complex is 

formed and H2 is eliminated via a 4-center transition state. 5 

The reactions of v+ with small alkanes are consistent with a 

predominantly 1,2-elimination. For example, as indicated in 

Table 5, HD loss is the only process observed in the reactions 

with deuterated alkanes smaller than n-butane. The reactions of 

Ti+ are somewhat more complicated. The major dehydrogenation 

products for Ti+ are also consistent with a 1,2-elimination 

mechanism. However, as indicated in Table 5, small amounts of H2 

elimination occur from CH3cn3 , propane-2,2-d2 and 2-

methylpropane-2-d1. These could be a result of scrambling or 

could be due in the case of the propanes to a 1,3-elimination 

mechanism similar to that inferred for sc+. These two different 

processes cannot be distinguished in this experiment. KERD 

measurements could perhaps distinguish between the 1,2- and 1,3-

elimination mechanisms. 

As mentioned previously, a great deal of interest and 

attention has recently been paid to the dehydrogenation 

mechanisms of n-butane by transition metal ions (Scheme 1). A 

summary of the products observed using labelled n-butane-

1,1,1,4,4,4-d6 and the proposed dehydrogenation mechanism for the 

various metal ions studied to date is presented in Table 8. Note 

that each metal ion, including Ti+ and v+, reacts in a quite 

distinct manner. 

The reaction with Ti+ results in a large amount of HD loss, 

second only to that observed for sc+. It is thus possible that a 

combination of a 1,2- and 1,3-dehydrogenation mechanism is 



139 

TABLE 8. Comparison of Dehydrogenation Products and Proposed 
Mechanisms for Transition Metal Ions Reacting with 
n-Butane-1,1,1,4,4,4-d . 

6 

+b +c c +d +d d 
+a 

Ti+ v+ Co Ni+ Ru Rh Pd+ 
Sc Fe 

H2 .10 .71 .59 .18 .20 .32 1.0 

HD 1.0 .90 .29 .18 .31 .46 .61 

D2 .23 .51 1.0 .34 .07 

Proposed 1,3 1,2 1,2 1,4 1,4 1,4 1,2 1,2 1,2 
Mechanism 1,3 1.2 

aReference 5. 

b References 1 and 25. 

cReferences 1,2, 23 and 24. 

d Reference 4. 
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operative in the reactions of Ti+ with n-butane. It is possible 

that Ti+ preferentially inserts into the tertiary or secondary C-

H bonds of alkanes. This would prevent abundant 1,3-eliminations 

of H2 from propane and 2-methylpropane because only P-hydrogens 

are available after initial C-H bond insertion. However, in the 

case of n-butane, secondary C-H bond insertion can be followed by 

either P-H or 1-H transfer. If 1-H transfer occurs, a 

metallocyclobutane complex is formed which probably cannot 

undergo subsequent hydrogen elimination. If, instead, P-H transfer 

occurs, the metal-olefin product formed, 1. may undergo 

subsequent hydrogen elimination via allylic hydrogen transfers as 

indicated in Scheme 2. This is consistent with the experimental 

Scheme 2 

+ H- M-r 

observations that the major single dehydrogenation product is HD, 

whereas the major double dehydrogenation product is 2HD (H2 + 

D2). Note that double dehydrogenation is the dominant process at 

low energies (Figure 1), which suggests that P-H transfers are 

more facile than 1-H transfers. This also explains the prominant 

loss of H2 from 2,2-dimethylpropane. In this reaction, after C-H 

bond insertion, no P-hydrogens are available for transfer. This 

allows the transfer of less competitive groups, such as 1· 

hydrogens or methyl groups. The occurrence of 1,3-eliminations 

for Ti+ is also supported by the fact that other reactions of Ti+ 
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with n-butane are similar to sc+. For example, formation of 

M(C2H6)+ observed here for Ti+ is the major product in the 

reaction of Sc+ with n-butane, and is not observed at all for the 

other first row transition metal ions. 

The reaction of v+ with labelled n-butane-1,1,1,4,4,4-d6 

results in the prominent elimination of H2 . The product 

distribution observed for v+ is similar to that of Pd+, where 

only H2 loss is observed. The mechanism proposed for 

dehydrogenation by Pd+ involves hydride abstraction as the first 

1 . b. . . 'h h 1 4 step, eavLng a car onLum LOn to Lnteract WLt t e meta center. 

The product distribution observed for v+ is consistent with a 

1,2-mechanism, where the secondary C-H bonds are preferentially 

attacked. Note that this mechanism is probably not initiated by 

hydride abstraction due to the much lower hydride affinity of v+, 

176 kcaljmo1, 26 relative to Pd+, 231 kcaljmo1. 27 It should also 

be noted that an isotope effect could account for the 

preferential loss of H2 from n-butane-1,1,1,4,4,4-d6 by v+. 

The dehydrogenation mechanisms for v+ and Ti+ thus appear to 

be somewhat similar to those proposed for Ru+ and Rh+. The 

products observed are consistent with a predominantly 1,2-

elimination mechanism for small alkanes. The reaction of Ti+ 

with n-butane, however, appears to result in some 1,3-elimination 

not observed in the reactions of Ru+ or Rh+. The scrambling 

observed in the reactions of Ti+ may be explained by either a 

1,3-elimination, or reversible ~-H transfers, or both. A 

difference in the reactivity of v+ as compared to Ti+, Ru+, and 

Rh+ is that no deuterium scrambling occurs in the v+ reactions. 
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This indicates that reductive elimination of H2 competes 

effectively with olefin insertion into the M-H bond at v+ 

centers. Note that this is not the case forTi+, where scrambled 

products are observed in the dehydrogenation reactions. Other 

previous results have indicated that olefins can easily insert 

into the Ti+-cH3 bond. 28 This is in agreement with our findings 

of scrambled products forTi+. Olefin insertion processes are 

also thought to be facile at Ru+ and Rh+ centers. 4 •29 

Comparison of alkane loss reactions for transition metal 

ions. As evident from Table 7, the major reactions of Ti+ and v+ 

are quite similar to those observed with Ru+ and Rh+. The major 

reactions involve the loss of one or two molecules of H2 . Alkane 

loss reactions occur with fairly low cross section for Ti+ and 

may be due to electronically excited Ti+. These products are not 

observed as exothermic processes for v+ at all. As discussed in 

previous work, C-C bond insertions do not occur competitively 

with C-H insertions at Ru+ and Rh+ centers. 4 Similarly, p-alkyl 

transfers do not occur competitively with P-H transfers for these 

metal ions. 4 From the observed reactivities, it appears that 

these same considerations may also apply to Ti+ and v+. However, 

there are some important differences in the reactions of v+. 

A major difference in the reactivity of v+ relative to Ti+, 

Ru+ and Rh+ can be seen in the reaction with 2,2-dimethylpropane . 

After C-H bond insertion at these metal ion centers, no P-hydro

gens are available, which makes possible the transfer of less 

favorable groups, such as a P-methyl group. Thus, Ti+, Ru+ and 

Rh+ react with 2,2-dimethylpropane to lose CH4 with quite large 

cross sections. This suggests that P-alkyl transfers are not 
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energetically unfeasible for these metal ions, even though they 

are unable to compete with P-hydrogen transfer. The case for v+, 

however, is quite different. As discussed previously, ground 

state v+ does not react with 2,2-dimethylpropane at all. The 

only major product observed in this reaction is the formation of 

the adduct ion. Thus, if primary C-H bond insertion occurs, it 

is not followed by P-methyl transfer and alkane elimination. 

This may indicate that P-methyl transfer is not merely 

noncompetitive, but rather energetically unfeasible. Another 

explanation for the lack of reactivity is that primary C-H bond 

insertions do not occur for v+. This possibility is discussed 

below. 

Observation of adduct ions. The reaction of v+ with 

alkanes leads to extensive formation of adduct ions (Table 4). 

As mentioned previously, this ~_"ndicates that the adduct lifetimes 

are at least 10 usee. In contrast, no adducts are observed for 

Ru+ and Rh+, even at elevated pressures. Adducts are formed to 

only a very small degree in the reactions of Ti+. An example of 

an adduct formation reaction in the ion beam experiment is 

indicated in Scheme 3 for the case of a metal ion reacting with 

Scheme 3 

H-M~ 
5 

-Hz -

propane. The adduct ion detected can have any of a number of 

+ 
M-~ 
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different structures. One possible structure is the initially 

formed collision complex, ~. held together by ion-induced dipole 

interactions or weak acid base interactions. The adduct ions 

could also be an inserted species such as 2. or a rearranged 

complex as indicated by £. Since only the mass of the adduct ion 

is detected in this experiment, differentiation of these 

structures is not possible. 

The overall unimolecular rate of adduct dissociation depends 

on the rates for the various reaction steps in Scheme 3. The 

relative activation parameters for C-H bond insertion, P-hydrogen 

transfer and H2 elimination determine which adduct structure is 

dominant. At low pressures, (< 1 mtorr), if the unimolecular 

decomposition rate is slow enough(< 105 sec- 1), then the 

internally excited adducts will be detected directly. At high 

pressures, (20 mtorr), if the adduct decomposition rate is slow 

enough ( < 106 sec- 1), the adducts may live long enough to suffer 

a second stabilizing collision. In this case, adducts 

sufficiently cooled will be detected. For overall unimolecular 

dissociation rates> 107 sec· 1 , it is unlikely that any adduct 

ions would be detected, even at elevated pressures. The fact 

that adducts are so prevalent in the reactions of v+ thus 

suggests that at least one of the processes depicted in Scheme 3 

is quite slow. Weisshaar et a1. 30 have recently studied the 

reactions of Ti+ with small alkanes in a high pressure flow tube. 

They found that adducts of Ti+ with propane are not formed even 

when entrained in 1 torr of helium as a stabilizing gas. Only 

dehydrogenation was observed in the high pressure reaction of Ti+ 

with propane. This supports our belief that the reaction rates 
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forTi+ are much greater than for v+. This is also evident from 

the lower reaction cross sections observed for v+ than forTi+, 

especially for the reaction with propane (Table 3). The slower 

rates for v+ (i.e . , longer adduct lifetimes) are due to relatively 

high activation barriers or low frequency factors compared to 

those operative for Ti+, Ru+ and Rh+. Although the reactions of 

v+ appear to be quite similar to those of these metal ions, the 

rate limiting step in the rearrangement and ion dissociation 

(Scheme 3) must be substantially slower for v+ . 

Deuterium isotope effects . It is evident from Figure 3 that 

an unusually large deuterium isotope effect is observed in the 

dehydrogenation reactions occurring at v+ centers. As the degree 

of deuteration is increased, the reaction cross sections are 

decreased. Much less double dehydrogenation and also less 

single dehydrogenation are observed for the deuterated alkanes. 

It is possible that this isotope effect is due to the changes in 

zero point energy upon deuteration. If the rate limiting step in 

the reactions of v+ with alkanes is P-H transfer, then there are 

three factors which may contribute to the overall isotope effect. 

First, substituting deuterium for hydrogen has the effect of 

lowering the zero point energy for both the stable intermediates 

and for the transition states. However, the net zero point 

energy effect of deuteration is to increase slightly the 

activation barrier for P-H transfer by the difference in zero 

point energy. This amounts to approximately 1 kcal/mol higher 

activation energy for C-D bond breaking relative to C-H bond 

breaking. Second, C-H bond insertion is more exothermic than C-D 
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bond insertion due to zero point energy differences. Thus, the 

C-H bond insertion adduct has more energy available for reaction 

by 0.4 kcaljmol than does the C-D bond inserted adduct. Both of 

these factors result in longer lifetimes and slower dissociation 

rates for the deuterated adducts than for the undeuterated 

adducts. 

A final isotope effect may arise from differences in the 

zero point energy for the bonds in the molecule which are not 

directly involved in the reaction. This type of isotope effect 

has been observed previously. For example, the dissociation 

rates for Li(CH3COCH3)+ and Li(CD3COCD3)+ to form Li+ and acetone 

were found to show a large isotope effect. 31 The rate of 

dissociation was approximately five times slower for the 

deuterated species due to the differences in the total zero point 

energy of the two molecules. A large isotope effect was also 

+ + observed in the dissociation reaction of c5H9 and c5o9 to lose 

H2 and D2 , respectively. 32 The latter case resulted in a much 

slower reaction rate due to the longer lifetime of c5o9+ by a 

factor of 5. 

It is expected that the deuterium isotope effects observed 

in our study are also due to an increase in the lifetime of the 

deuterated adducts. Because the lifetimes of the vanadium 

adducts are comparable to the ion flight time to the detector, an 

increase in adduct lifetime would be mirrored by an increase in 

dd t · 1 i · t The case for T;+, however, ;s a uc s~gna n our exper~men . L L 

quite different. As mentioned previously, the adduct lifetimes 

for Ti+ are much shorter than for v+. Thus, an increase in the 

lifetime of the titanium adducts upon deuteration might go 
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undetected in our experiment. The reactions may still be so fast 

for Ti+, even using deuterium labelled alkanes, that they are 

over before the adducts can reach the detector. 

Description of the bonding to v+ and Ti+. The ground elec

tronic states of Ti+ and v+ are derived from 4s13d2 and 3d4 

electronic configurations, respectively. 14 Recent calculations 

have shown that the diatomic metal hydrides of these metal ions 

utilize metal orbitals which are 40% d in character and 60% s and 

pin character. 33 Because s-d hybrid orbitals are used in the 

formation of the first M+-H bond, to a first approximation, the 

second M+-H bond in MH2+ will also be an s-d hybrid with an 

"inherent" bond energy comparable to that of the first. The 

inherent bond energy is defined here as the actual bond energy 

plus the promotion energy required to excite the metal ion to a 

configuration favorable for bonding. The promotion energy 

includes any exchange energy lost in forming the bond. 

The inherent bond energies of MH+ have been calculated to be 

61 kcaljmol for both Ti+ and v+, using the simplification that a 

pure s orbital is used in the formation of the bond. 33 To 

calculate the promotion energy necessary for MH+ to bind an 

additional hydrogen atom, the assumption is made that the second 

bond uses a pure d metal orbital for bonding. Thus, instead of 

calculating the bond energies using two s-d hybrid bonds, the 

bond energies are calculated using one pure s bond and one pure d 

bond. The inherent strengths of the pure s and d bonds are taken 

to be equal to the inherent strength of an s-d hybrid bond. To 

promote TiH+ from the ground 3~ state to a state favorable for 



148 

bonding requires the loss of one-half of a d-d exchange term, or 

8 kcaljmo1. 34 In order to promote VH+ from the ground 4~ state 

to a state favorable for bonding requires the loss of one d-d 

exchange term, or 18 kcaljmo1. 34 An estimate for the second bond 

energy, D(MH+-H), can be obtained from the inherent bond energy, 

less the promotion energy. This results in a second bond energy 

of 61-8- 53 kcaljmol forTi+ and 61-18 - 43 kcal/mol for v+. 

Thus, the sum of the first and second bond energies for MH2+ are 

108 and 91 kcal/mol forTi+ and v+, respectively. A more useful 

quantity for C-H bond activation is the sum of the two bonds in 

R-M+-H. Using the values for M+-cH3 in Table 1 results in the 

sum of the two bonds being 109 kcal/mol and 93 kcaljmol for Ti+ 

and v+, respectively. Note that the estimates for the binding 

energies to Ti+ are in excellent agreement with the lower limit 

D(Ti+-2cH3) ~ 112 kcaljmol determined from the reaction with n

butane to form Ti(CH3)2+. 

Typical C-H bond energies for alkanes are in the range 92-98 

kcaljmo1. 35 It is thus apparent that the bond energies to Ti+ 

are more than sufficient to allow for exothermic C-H bond activa

tion. The case for v+, however, is not so clear. From the 

estimates made above, it appears that v+ should be able to 

activate only tertiary C-H bonds. Assuming that the bond to an 

alkyl group is stronger than to a methyl group ( by 5 kcal/mol) 

results in v+ being just barely able to activate secondary C-H 

bonds. This could explain why v+ does not react with 2,2-

dirnethylpropane. Only primary C-H bond insertions or C-C bond 

insertions are possible with 2,2-dirnethylpropane, neither of 

which may be facile processes for v+. This is also supported by 
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the extensive loss of H2 from n -butane-1,1,1,4,4,4-d6 , perhaps 

indicating preferential attack at the secondary C-H bonds. 

The impact of weak bonds to v+ on the reactivity of this 

metal ion can be seen from the qualitative potential energy 

surface for the 1,2-elimination of H2 from n-butane illustrated 

in Figure4 . This potential energy surface explains the special 

features of the v+ reactions observed in this study. The 

initially formed insertion adduct, 1. is very high in energy. 

Thus, even fairly small activation barriers for C-H bond 

insertion or ~-H transfer may make the overall reaction energeti-

cally unfavorable. This may result in slow reactions and long-

lived adduct ions. As discussed previously, the formation of 

long-lived adduct ions results in the observation of large 

deuterium isotope effects for the reactions of v+ with alkanes. . -
If ~-methyl transfer has a soml what higher intrinsic barrier than 

~-H transfer, then this process would almost certainly be 

energetically unfeasible. This is indicated by the dashed line 

in Figure 4 . This may explain the lack of reaction of v+ with 

2,2-dimethylpropane. This also may be partially responsible for 

the lack of alkane loss products observed in general. 

Conclusion 

The reactions of Ti+ and v+ with alkanes are dominated by 

the loss of one or more molecules of hydrogen, similar to the 

reactions observed for Ru+ and Rh+. Alkane loss reactions are 

also observed for Ti+ but may be due to electronically excited 

state reactions . It is proposed that both Ti+ and v+ 
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Figure 4. A simplified potential energy diagram for the reaction of 
+ V with n-butane. The energies of the reaction intermediates 

were estimated using the values discussed in the text. The 
+ strength of the V -olefin bonds were taken to be 50 kcal/mol, 

+ as suggested for V-C 2H4 in Reference 8. 
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dehydrogenate alkanes by a predominantly 1,2-mechanism, where 

some 1,3-elimination occurs for the reaction of Ti+ with n

butane. Although there is much similarity in the reactions of 

Ti+ and v+ with Ru+ and Rh+, there are also important 

differences, especially for v+. Extensive adduct formation and a 

large deuterium isotope effect for v+ are consistent with much 

slower reaction rates for this metal ion than for Ti+, Ru+, and 

Rh+. It is suggested that v+ cannot form two strong sigma bonds 

due to the 3d4 electronic configuration of ground state v+. This 

makes insertion into C-H bonds much more difficult than for the 

other metal ions and may in fact prevent primary C-H bond 

insertions. This results in higher activation barriers and the 

formation of relatively long-!ived intermediates. Because the 

lifetime of the adduct ion is comparable to the ion flight time 

to the detector, a large deuterium isotope effect is observed in 

the reactions of v+ with labelled alkanes. These isotope effects 

are not observed for the reactions of Ti+ due to the much faster 

reaction rates for this metal ion. 
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AIKtrac:t: The activation of carbon-urbon and carbon-hydrosen bonds by ~candium ion' in the aas phue hu been studied 
by using an ion-beam apparatus. Analysis of thrc:5holds for the endothermic reactions of Sc• with H2 and C2~ yields U(Sc•-H) 
-=54 2: 4 kcalfmol and D"(Sc+-<:H 3) • 65 2: 5 kcal f mol, respectively . Results also indicate that Sc• forms a s~cond strong 
17-bond to CH 3 and H. rendering oxidative addition of c-c and C-H bonds an exothermic process . The reactions of Sc• with 
butane and larger alkanes result in the formation of products of the general form Sc(C.H,...2)•. which are not seen in similar 
reactions with other first-row transition metals . We postulate these products to be dialkyls.candium ions . The mechanism 
proposed for the formation of these products, supported by studies of deuterium-labeled hydrocarbons, invokes ~-alkyl transfers 
and reversible olefin insertions . For the reaction of sc• with n-butane the proposed mechanism involves the formation of an 
activated scandium dimethylethylene intermediate. Although the reductive elimination of ethane from this intermediate is 
thermodynamically preferred, the favored d=mposition route is observed to be loss of ethylene. This indicates a barrier for 
reductive elimination of ethane in excess of the endothermicity. In comparison to the first-row group 8 metal ions, another 
unique process involves selective 1,3-dchydrogcnation of alkanes by Sc• . It is proposed that Sc• initially inserts into a C-H 
bond, followed by addition of a -y-C-H bond across the Sc-H bond, with H2 being eliminated from this four-center transition 
state . Two factors arc responsible for the unique reactivity of Sc• among the first-row transition metal ions . Only two valence 
electrons are available for the formation of strong 17-bonds, and the formation of more than two such bonds is unlikely. In 
addition, the a bsencc of additional d electrons on the metal center reduces the binding energy of w--acceptors in scandium(IIl) 
intermediates and modifies activation parameters for competitive processes . 
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Transition-metal ions in the gas phase readily activate the 
carbon-hydrogen and carbon-<:arbon bonds of completely aatu· 
rated hydrocarbons . Extensive studies have probed the mechanism 
and energetics of these reactions, in which alkanes are dehydro
aenated or cleaved to yield smaller alkanes and alkenes .1- 3 

Although the available data reveal periodic trends in reactivity, 
it is recognized that certain proctSSes can be highly metal specific. 
For example, Ni+ distinguishes itself in comparison to the re
maining fiiSt-row group 8 metal ions by dehydrogenating alkanes 
in a highly selective 1,4-process.4 

The ability to understand and even predict metal ion reactivity 
is firmly based on a knowledge of the strengths of particular 
metal-ligand bonds and the activation parameters for individual 
reaction step5. These parameters relate to the motion of the system 
across barriers which interconnect stable configurations assumed 
by the reaction intermediates. Oxidative addition of C-H and 
c--c bonds must be an exothermic process in order for hydro
carbons to react readily at transition-metal centers. This requires 
the formation of relatively strong metal-hydrogen and metal
carbon bonds. On the basis of this consideration alone, what can 
be predicted for scandium? Scandium is one of the remaining 
flTSt-row transition metals for which bonding energetics and re· 
actions have not yet been reported . 

The low-lying states of &:• are summarized in Table J.5 
First-row transition metal ions with ground states derived from 
3d"4s 1 configurations are found to have strong metal-hydrogen 
and metal-methyl bonds.6 The o-bond strengths of metal ions 
DOt meeting this requirement decrease with increasing promotion 
energy from their ground state to the lowest atate derived from 
the 3d"4s1 configuration. Hence we expect scandium ions, with 
a 30 ground state derived from the 3d 14s1 configuration, to form 
a strong o-bond to both Hand CH3. Moreover, there is no electron 
exchange energy lost in forming a stcond bond to the single d 
electron. It might therefore be expected that&+ will react readily 
with hydrocarbons. While our observations generally support this 
conjecture, there are 50me surprising features in the reactions of 
&:• . The absence of additional d electrons on the metal center 
reduces the binding energy of 1r-acceptors in scandium( III) in
termediates and modifies activation parameters for competitive 
pr~. This endows scandium with unique reactivity in com
parison to other first-row ions and provides further clues to the 
enigma of hydrocarbon activation at transition-metal centers. 

TabW I. Low-Lyins Sutcs of Sc• • 

state 

a'D 
a 1D 
a'F 
b'D 
a•s 
a'P 
a 1G 

confisuration 

3d4s 
3d4s 
3d' 
3d' 
4s2 

3<12 
3<12 

0 
0.315 
0.596 
1.36 
1.46 
1.50 
1.77 

population' 

85.4'{ 
7.~ 

7.5% 
0.1% 

• Dau from ref S. • Listed numbers are the lowest ener&y J kvel of 
that t.enn . • Boltzmann population at 2SOO J( 



160 

E.xperimetltal Sec1ioo 
Tbc ion-beam a ppe rat"' Uled in the pruent at ud y bas been dacri bed 

previously.' Briefly, aingly charged scandium ions are produc:cd by 
nporiution of anhydrous ScC!l onto a bot rhenium filament and aub
~equent surface ionization of the Sc at 2500 K. The estimated beam 
composition at this temperature is included in Table I . The meul ions 
are collimated, mass and energy aelccted, and focused into a collision 
c:hamber conlaining the neutral ract.ant at ambient temperature. The 
pra.sure in the collision chamber is beld conslant at I.S mtorr aa mu
lllred with a c:apecit.ance manometer . Product ioru acattered in the 

forward d.ircctiorl are analyzed by lllinl• quadrupole~ apectromc::ter . 
Labeled propane (2 ,2-42• 98~ D) . ,..but.a~ (1,1,1,4 ,4,4-d,. 98'l D), and 
2-metbylpropane (2-d1, 98'l D) were obtained from Merck, Sharp and 
Dobme. 

ReAIIts 
DetenU.atioe el Sc:•-H Md Sc:•-cH3 Bo.d Dissodatioa Ea

erzies. The endothermic reaction I of Sc• with H2 leads to the 
formation of ScH•. The cross ICCtion for reaction I as a function 

Sc•+H2 -ScH++H (I) 

of relative kinetic energy is shown in Figure Ia . The data were 
fit by using the method described previously to find the reaction 
threshold, Eo .. 2.JS eV .' From the threshold value and the H2 
bond energy,' a value for J>O(Sc•-H) of S4 :t: 4 k.caljmol is 
determined . The prC$Cnce of excited-state acandium ions in the 
beam may be responsible for the &ow~ tail in rlgW'C Ia. The 
quality of the data and the lack of information relating to the 
excited-state distribution precluded a fit including multiple states. 
The constants were chosen to fit the major rising part of the curve. 
The bond energy obtained from this fitting procedure is consistent 
with the observed reactivity of sc•. 

The endothermic reactions 2 and 3 of scandium ions with ethane 
result in the formation of ScCH/ and ScH•, respectively. The 

Sc+ + C2H6 - ScCH/ + CH3 (2) 

(3) 

cros.s section for the formation of ScCH3 + as a function of relative 
kinetic energy is shown in Figure 1 b. The data are fit as described 
previously to obtain a threshold for reaction 2 of Eo .. 1.08 eV. 10 

Combining this value with the c-c bond dissociation energy for 
ethane, 90.0 kcaljmol , gives D0 (Sc•-cH3) "" 6S :t: S k.caljmol. 
Scandium ions dehydrogenate ethane in accordance with reaction 
4. The cross section for reaction 4 is 0.74 A2 at a relative kinetic 

(4) 

energy of O.S eV and decreases with increasing kinetic energy. 
This behavior suggests that reaction 4 is exothermic and indicates 
D"(Sc·-<:,~) ill' 33 k.caljmol. 11 Very liJUlll amounts of Sc(HJ+ 
an formed in an CDdoc.hermic process which has a maximum CI'Q5.S 

ICction of Jess than 0.1 A2 at a relative kinetic energy of 2 eV. 
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f'lcw'e 1. Variation in the experimental~ ICC'tion with relative kinetic 
CDCTgy for the reaction of Sc+ with (a) Hl to form ScH• and (b) ethane 
to form ScCH 1•. Tbe IOlid lines are fiu to the data u dCSCTibed in the 
text Arrows indicate the threabokl CDCTJiQ at 2.1 S eV (for ScH•) and 
1.08 eV (for Sc:CHl•) . 
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Reec&. of Sc+ wid! .AJU.L The exothermic reactions 5-7 

Sc• + C 3H1 ~ Sc(C2H.)+ + CH• (5) .. , 
- Sc(C)H.)'+ + H2 (6) 

(7) 

account for the main products observed when Sc+ interacts with 
p-opane at a relative kinetic energy of 0.5 eV with a total reaction 
c:ro&S section of -7 A2 at this energy. At higher energies, ScH•, 
ScCH/, and Sc(CH.)+ are formed in endothermic reactions. 12 

The: reaction of Sc• with tt-butane at low energy yields a number 
of different products, u indicated in reactions 8- I 3. The product 

)1'l (69'l) 
Sc• + C.H 10 Sc(C.H1)+ +H2 (8) 

(10) 

~ Sc(C2H.)• + C2H 6 (I I) 

lf, (J'l>) 

--- Sc(C3H.)+ + CH. + H 2 (12) 

distributions shown were measured at a relative kinetic energy 
of 0.5 eV. Variation of the cross sections for these reactions with 
relative kinetic energy is shown in Figure 2. The observed de
crease in the cross sections for reactions 8-13 with increasing 
kinetic energy indicates that all of these processes are exothermic. 
At higher energies, endothermic reaction pathways primarily rc:5ult 
in the formation ofScCH/ and Sc(C2Hs)•.u Products analogous 
to those observed with tt-butane are also observed with isobutane, 
with a &Omewhat different product distribution indicated paren
thetically in reactions 8-13, and a total reaction cross section of 
-43 A2 at a relative kinetic energy of 0.5 eV. 

Reaction of Sc+ with alkanes larger than butane results in a 
large number of products . In contrast to the first-row group 8 
metal ions, sc• dehydrogenates neopentane exothermically. a 
process which accounts for 67% of the total observed product at 
a relative kinetic energy of 0 .5 eV . Processes analogous to reaction 
9 result in the formation of Sc(C3H1)+ and Sc(C2H 6)'+ from 
tt-pentane, and Sc(C.H 10)+ and Sc(C3H1)+ from n-hexane. Total 
reaction cross sections for these larger alkanes are comparable 
to those observed for n-butane in Figure 2. 

Further information about the reaction mechanisms and the 
atructure of reaction products has been obtained by a study using 
deuterium-labeled compounds . A aummary of the reactions of 
Sc+ with aeverallabelcd alkanes at low energy is given in Table 
II. 
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FipTf 1. Variation in the experimental crass &CCtion for the reactioru 
of Sc• with 11-butane u a function of the relative kinetic energy in the 
ccnter-<>f-mass frame (lower IIC&le) and the laboratory frame (upper 
IIC&le) . 

TaWt D. Product Diatributioru in the Reactiona of Sc• with 
Deuterium-Labeled Alunea at a Relative KiMtic Encr&y of O.S eV 

alkAne 

neutral propane- 2-methyl- butane· 
lost 2,2-dl propane-2-d, /,/,/,4,4,4-d, 

Hl 0.21 0.41 
HD 0.33 0 .27 0 .38 
D, 0 .04• 
2H 2 0 .02• 0 .10 
H 2 + HD om 0.06 
2HD (H 2 + D2) 0.02 0 .13 
202 
CH. 0.17 
CH)D 0.12 
C 2H. 0.05 0 .28 
C 2H)D 0.03 0 .11 0 .03 
C 1H 2D2 0 .07 0 .03 
C 2HD) 0 .08 
C,D.(C1H.D1) O.o3 

•Thi~ product could corre5pond to lass of 0 2 or to IOi.S of 2H 2. The 
ma~ of the producu in either case are identical, and thus the exact 
formula could not be determined . 
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Reactioa or Sc• wl~ Carlloeyl Comro-cb. First-row group 
8 metal ions rcae1 with acetone as indicated in equation I 4.1• This 

M• + (CH,)zCO- M(CH,)z• +CO (14) 

pr~s yields 1 lower limit for the second metal-methyl bond 
dissociation energy in the product, 1 quantity useful in assessing 
the energetics of alkane reactions with transition-metal ions. This 
process is nor observed with Sc+. Instead, reaction I 5 is observed. 

Sc• + (CH 3hCO- ScO• + C 3H 6 (15) 

Sc• + CH 3CHO- sc0• + C 2H. (16) 

and the analogous process I 6 occurs with acetaldehyde 15 Cross 
sections for both reactions exhibit the characteristic behavior of 
exothermic processes, with maximum CTOISS sections at low energy. 
When the known bond energy of ScO•, 6.9 :::t: 0 .3 eV, 16 is used, 
reactions I 5 and I 6 are exothermic by 43 and 48 kcaljmol, re
spectively .17 Formaldehyde reacts with Sc• in an exothermic 
process to yield the scandium dihydride ion, reaction 17, with a 

Sc• + CH 20- ScH 2+ +CO (17) 

CTOISS section of 1.4 A2 at a relative Jcinetic energy of 0.5 eV. When 
the first sc•-H bond dissociation energy determined above (54 
kcal j mol) is used. reaction 17 indicates that D0 (ScH•-H) ;l:. 50 
kcaljmol. 

Discussion 
Thermochemistry. The measured bond dissociation energies, 

D 0 (Sc•-H) = 54 :::t: 4 kcaljmol and D 0 (Sc•-cH,) -= 65 :::t: 5 
kcaljmol, conform to the expectation that the first metal-ligand 
cr-bond to sc• will be strong. The results are in complete accord 
with similar data for other flTSt-row transition metal ions, including 
the observation that metal-methyl bonds are stronger than 
metal-hydrogen bonds .6·18 Ab initio calculations (generalized 
valence bond, dissociation consistent, configuration interaction) 
on the ground 2.6 state of ScH• yield a value for the bond dis
sociation enthalpy o~0(Sc•-H)-= 56 kcaljmol, 19 in excellent 
agreement with our r4teasured value . The hybridization of the 
~candium orbital used for bonding is -41% 3d and -59% 4s and 
4p. The nonbonding electron on scandium occupies what is 
predominantly a d orbital. Formation of a second strong bond 
is thus possible, with a bond angle which may vary reasonably 
over a wide range (45-135°), depending on which of the d orbitals 
i5 used. Since the ground state of ScH+ is 2.6, one would expect 
the bond angle in ScH2+ to be close to 90° . The angle may open 
up slightly in order to decrease the interaction between the two 
Sc•-H bonds . 

When the measured value of D0 (Sc•-H) is used, the proton 
affinity of Sc is found to be 217 :::t: 4 kcaljmol. This is higher 
than any other first-row transition-metal atom,20 1 factor which 
can be attributed to the low ioni2lltion potential of ICandium (6.S6 
eV) .5 
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Since reaction 14 was not observed with Sc•, we were not able 
to derive a lower limit for the second bond dissociation energy 
in Sc(CH 3)/. In the case of the dihydride, however, reaction 17 
indicates that the strength of the second scandium hydrogen bond 
~comparable to the first . Interestingly, with the sum of the two 
bond energies being greater than 104 kcaljmol, ScH2+ is predicted 

to be: stable with respect to the reductive elimination of H 2. Since 
the second metal-hydrogen bond is strong. we surmise that the 
same will hold for the second metal-methyl bond. Hence. we have 
confirmed the expectation that both the first and second metal
ligand 11-bonds to Sc+ are strong. The species formed correspond 
formally to Sc(lll) compounds, which leaves the metal in its 
favored oxidation state . 

Reactions of Sc• with Hydrocarbons. Reactions of sc• with 
alkanes smaller than butane yield results similar to those obtained 
for the first-row group 8 metal ions .1b The first major departure 
in behavior is observed in the reaction of Sc+ with n-butane, where 
a major product with the empirical formula Sc(C2H.,)+ is observed. 
This is illustrated by the data in Table Ill, which summarizes the 
product distribution for the reactions of first-row transition-metal 
ions with n-butane . Related products are observed in the reaction 
of Sc• with n-pentane (Sc(C3H 1)+ and Sc(C2H.,)•j and n-hexane 
(Sc(C4H 10)+ and Sc(C3H 8)•j . Again, these products are nor 
observed when these alkanes react with other first-row transi
tion-metal ions . 

Possible structures of the Sc(C2H 6)+ product observed in the 
exothermic reaction of Sc+ with n-butane are indicated by 1-111 

11-s~/H 
-....._H 

I II 
III 

On the basis of thermochemical estimates in the Appendix, the 
heats of formation ofl, II, and Ill are 189,205, and 218 kca1jmol, 
respectively . When these values are used, the reactions of sc• 
with n-butane to form II and Ill are predicted to be: endothermic 
by 6 and 19 kcaljmol, respectively. Structure I, however, is formed 
in a reaction which is estimated to be: exothermic by 10 kcaljmol 
and is therefore the only structure which seems energetically 
fea.sib1e .21 

T!~Wr m. Product Diatributiona of E1otbermic Rcactiona of 
First-Row Tranaition Metal Jona with ~t-Butanc at a Relative Kinetic 
f!hergy of O.S eV 

neutral 
metal ion• product 

lost Sc· Ti•• Fe•' co•t Ni .. ' 

H2 0 .37 0.20 0 .29 0 .48 
2H 2 0 .22 1.0 
CH, 0 .01 0 .41 0 .12 0 .06 
CH, + H2 0 .02 
ClH• 0.36 
ClH, 0 .02 0 .39 0 .59 0 .45 

•cr• and Mn• do not react at all with alk.anes' 
I'QOnancc data from ref 3a . 'Data from ref !c. 

• Jon cyclotron 
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The energetics of a proposed mechanism for the formation of 
Sc(CH 3)/ from reaction of Sc .. with n-butane are indicated in 
Figure 3. The energies of the reaction intermediates were obtained 
from estimates given in the Appendix. Sc .. may initially insert 
into either a c-c or a C-H bond (on energetic grounds). With 
n-butane, the most straightforward route to Sc(CH 3)/ involves 
insertion into a terminal c-c bond. followed by ~-methyl transfer 
and subsequent Joss of ethylene . Alternatively, insertion into a 
.econdary C-H bond may be followed by ~-methyl transfer and 
5ubsequent olefin insertion into the scandium hydrogen bond to 
give intermediate IV . This sequence also accommodates the 
formation of Sc(CH 3)/ from isobutane . We: have previously 
5U&gested fj-alkyl transfer reactions to explain product distributions 
for the reactions of Fe• with labeled hydrocarbons.'< The processes 
5u&gc:sted in the above: mechanism are well documented in con
densed phase studies of organometallic reactions. 22 In particular. 
facile: olefin insertions into Cp2•Sc-H have bec:n observed re
centJyB 

The mechanism in Figure 3 predicts that Sc(CD3h• would be 
the: only dimethyl product formed in the: reaction of Sc .. with 
butane- 1,/ ,/ ,4,4,4-d6 . As seen in Table II, Sc(CD3)/ is indeed 
~ main dimethyl product, but some deuterium scrambling is also 
observed. This can be explained by assuming that both olefin 
insertion and fj-.hydrogc:n transfer arc: reven;ible in the mechanism 
of Figure 3. 

-
·-· . "' -·· 

-·· . . .. ... . 
... 

Fipn 3. Simplifaed potential enern diagram for the reaction of Sc• 
with 11-butane to form the products Sc(CHJlt and Sc(C2H•)• . 
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An observation deserving attention is the absence of major 
products analogous to I. namely ScH;+ and HScCH/. which 
might be formod in the reaction of Sc• with ethane and propane, 
respectively. A general intermodiate (V) for the formation of these 
three products is R 1R 2Sc(C2H.)•, shown in Figure 4. The de
composition products that result from loss of ethylene are shown 
on the left, and those that result from reductive elimination of 
R 1R 2 arc shown on the right . The energies of these products 
relative to V are obtained by using the bond energies and heats 
of formation estimated in the Appendill.. The total amount of 
internal energy available to V for dCCQmposition is indicated b) 
f• (alkane) for the three cases . With propane and ethane, V does 
not have sufficient internal energy to lose ethylene in an ell.othermic 
proces..s. Therefore, the only ell.othermic reaction products are those 
corresponding to reductive elimination of R 1R 2. In the reaction 
with butane, however, intermediate V has sufficient energy to 
render the formation of both decomposition products exothermic . 
Although the energy of Sc(C2H.)• is estimatod to be lower than 
the energy of Sc(CH 3h • by 7 kcaljmol, the latter is the favorod 
product by a factor of 20 at low relative kinetic energy. This 

aug~esu that there must be an activation barrier or at least 7 
kcaljmol for the reverse prooess (oxidative addition of the c-c 
bond of ethane by ScC2H. •) .2• 

It is interesting to note that small amounts of ScHCH/ and 
ScH;+ are formed in endothermic reactions of Sc• with propane 
and ethane, respectively. Ther reaction CTO&S sections are too small 
to determine accurate thresholds for these processes. The for
mation of ScHCH 3• from propane appears to be endothermic by 
approll.imately 0 .5 :t 0.5 eV and the formation of ScH;+ from 
ethane endothermic b) 1-2 eV . These results are in qualitative 
agreement with the potent~! energy diagram shown in Figure 4 . 

. . .. 

• 

.. 

.. 
• 

-

....... .. ......... ...... ... 

.. ........ .. .. .... . 

fir\ut 4. Simplified potential energy dia~ram for the decomposition of 
R 1 R~(C2H.)• to form Sc(R 1R 2)• or Sc(C2H.)•. The curve is drawn 
for the decomposition of (CH 1),5c(C 2H.t formed in the reaction of Sc• 
with 11-butane . 
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Jt is also interesting to note the relative orderifl$ of the activation 
barriers for reductive elimination of R1R2. If the dehydro,enation 
of ethane proceeds via intermediate V, then the activation energy 
for reductive elimination of H 2 must be less than 4 kcalfmoJ.l~ 
The activation barrier for reductive elimination of CH4 from V 
can be bracketed betwen 0 and 20 kcalfmol, whereas that for 
elimination of C 2H 6 is greater than 27 kcalfmol. This in in 
qualitative agreement with condensed phase studies of reductive 
elimination at transition-metal centers, where it has been noted 
that dialkyl complexes are much more stable than dihydr~ and 
hydridoalkyl complexes.26.27 

As stated previously, the formation of a dimethyl species is not 
observed in the reactions of the group 8 transition-metal ions with 
n-butane. This indicates that the potential energy diagrams for 
decomposition of intermediates analogous to V must be sub
atantially different than that shown in Figure 4 for Sc•. There 
are a number of possible explanations for this behavior. The 
strength of the second 0'-bond in group 8 metals might be less than 
in Sc+ due to the electron exchange energy lost in forming a second 
bond. Reactions with group 8 metal ions which lead to the for
mation of dialkyl products would therefore be less energetically 
favorable and perhap& even endothennic. An unusually low olefin 
bond strength to sc• might also be responsible for the unique 
behavior observed. The absence of additional d electrons available 
for back-donation in Sc(III) complexes is probably responsible 
for a weak scandiu~thylene bond in reaction intermediates such 
as V. In the reductive-elimination reaction ofV, the ethylene bond 
may remain quite weak until the reaction is near completion. This 
could be the reason for an activation barrier in the exit channel 
for reductive elimination of ethane from Vas shown in Figure 
4. The ethylene bond to Sc(l) may also be weaker than those 
to other transition metals, rendering reductive elimination of ethane 
less energetically favorable for V than for the analogous group 
I intermediates. 

The reactions of Sc+ with larger alkanes result in the abundant 
formation of products of the general composition Sc(C,.H:z.r+2)'+. 
These products are postulated to be dialkyl species which are 
formed by mechanisms similar to those proposed for the formation 
of Sc(CH3h+ from n-butane. In intermediates analogous to V 
the favored decomposition pathway is loss of ethylene to form the 
dial.kylspccies, presumably for the same reasons as discussed above 
for n-butane. 
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Delaydro,rution or Alk.aDe5 ~y Sc ... The first-row !rOup 8 
transition-metal ions have been found to dehydrogenate alkanes 
in a highly specific manner .1' Dehydrogenation of small alkanes 
(propane, isobutane) proceeds exclusively by a 1.2-elimination 
process at Fe•. eo•, and Ni .. centers. The suggested m~hanism 
involves insertion of M• into a C-H bond, foUowed by ~hydrogen 
transfer and reductive elimination of H 2 Tbe final product is thus 
an olefm bound to the metal center. Tbe dehydrogenation of larger 

linear alkanes by Ni+ was found to proceed exclusively via a 
1,4-elimination.~ yielding a bis(olefin) complex. Iron and cobalt 
ions were observed to dehydrogenate larger alkanes by both a 1,2-
and 1,4-elimination process . 

In marked contrast to the group 8 metal ions, Sc• appears to 
dehydrogenate alkanes via predominantly 1,3-elimination (see 
Table II) . A straightforward explanation for the observed product 
distributions might simply be that insertion into C-H bonds is 
relatively nondiscriminatory and a 1,3-elimination process occurs 
whenever possible. For example, in the reaction of sc• with 
butane-) ,1 ,1 ,4,4,4-d6• insertion into any of the C-H (or C-D) 
bonds can lead to 1,3-elimination due to the availability of')'
hydrogens. In fact, the overwhelming dehydrogenation reaction 
51oss of HD, supporting this conj~ure. However, in the reactions 
of Sc+ with propane-2.2-d2 and 2-methyl-propane-2-d1, only initial 
insertion into a terminal C-H bond can lead to 1,3-elimination. 
Thus, for these cases, both 1,2- and 1,3-elimination processes are 
observedn Further evidence for a unique 1,3-elimination 
mechanism is the fact that Sc+ cleanly dehydrogenates neo
pentane,29 a reaction that is not observed for the first-row group 
8 metal ionsib FoUowing insertion into a C-H bond in neopentane 
only a- and ')'-hydrogens are available. On the basis of the above 
results for labeled alkanes, a 1,3-elimination m~banism is likely. 

A comparison of the energetics for 1,2- and 1,3-dehydrogenation 
of n-butane is given in Figure 5. A 1,3-mechanism is suggested 
in which initial insertion into a C-H bond is followed by a 
four-center process leading to metallacyclobutane30 formation 
(Figure 5) . A concerted mechanism may be required in order 
that scandium remains in a favorable oxidation state during the 
course of the reaction. The thermochemical estimates predict that 
although both dehydrogenation pathways are exothermic overall, 
the metallacycle is preferred by -13 kcaljmol. The failure of 
1,2-elimination to compete with the 1,3-process indicates that 
formation of the metallacyclc may also be kinetically preferred . 
The potential energy curve shown in Figure 5 for 1,2-elimination 
illustrates a two-step m~hanism, where P-hydrogen transfer is 
followed by reductive elimination of H 2. The activation barrier 
for reductive elimination of H2 from intermediate V was previously 
shown to be quite ~>mall. Hence, we ~>uggest that the P-hydrogen 
transfer process is energetically unfavorable. An alternative 
mechanism is a one-step P-hydrogen elimination process pro
ceeding via a strained four-<:enter transition state. In either case, 

a prohibitive activation barrier must exist in order to explain the 
abience of 1,2-elimination products from reaction with n-butane. 
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Faprr 5. Simplified potentia l energ~ diagram for 1.2- and 1,3-dehy· 
drogenation of "-butane by Sc•. 

Appeadix 
~rmocwmical Estimates for Reaction lat~tes ud 

Products. Although we have measured several Sc•-ligand bond 
dissociation energies . there are others which have not been 
measured. We have estimated these energies by comparison with 
other 5ystems. The errors that this introduces in the therm<r 
chemical estimates probabl) do not affect the general trends 
discussed in the teJ.t . The thermochemical values used for con-
structing Figuru 3-5 are li5ted in Table IV . The assumptions 
that were used in assigning tbc:K values are discussed belov.·. 

The hydrogen and methyl bond strengths used for the first 
cr-bond to Sc+ are D0 (Sc•-H) ., 54 2: 4 kcalfmol and D0

-

(Sc•-cH3) "' 65 2: 5 kcalfmol . As discussed previously, the 
aecond sc• bond to hydrogen was found to be greater than 50 
kcalfmol , and thus we have assigned D0 (ScH•-H) c 54 2: 4 
kcalfmol. The second methyl bond in Sc(CH 3)/ is known to be 
areater than 50 kcalfmol because it is formed in an eJ.othermic 
reaction with isobutane. It is eJ.pected that the polarizable first 
methyl group in Sc(CH 3)/ causes a slight delocalization of the 
charge on Sc+, rendering the strength of the second methyl bond 
less than that of the first. This affect will be less pronounced if 
the first methyl group is replaced by a hydrogen as in ScH(CH3)+. 
Thus, the second cr-methyl bond mengths are estimated to be 
D0 (ScCH 3•-cH 3)., 57 2: 5 kcalfmol and D0 (ScH•-cH 3)"' 
61 2: 5 kcalfmol. 
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The strength of the olefin bond to Sc• bas not be measured . 
We have estimated this bond strength by comparison to other 
metal-olefin bonds. For example, the mctal~thylcnc bonds in 
two Ni+ compounds arc estimated to be D0 (CpNi•-c2H 4 ) • 38 
::! 5 kcalfmoJ3 1 and DD(Ni•-c2H4) "" 50 kcal/mol.4 although the 
latter is probably on the high side. For lithium ions, where no 
electrons arc available for back-donation. the bond to ethylene 
i5 much weaker, D0 (Li•-c2~) • 18 :t: 5 kcal/moJ.32 The bond 
to ethylene in Sc(l) was shown above to be greater than 33 
kcalfmol from the exothermic reaction of sc• with ethane. 
Therefore. we have assigned this bond strength a value of D 0

• 

(Sc•-c2H4) = 40 :f: 5 kcal/mol. In Sc(lll) complexes where no 
electrons arc available for back-donation, we have assigned 
l)O(ScR 1R 2+-c2H4)"" 30::! 5 kcalfmol for R 1 c H. R 2 = CHJ-
1( R 1 and R2 arc both methyl groups, the ethylene bond will be 
10mewbat weaker (as in the case of CpNi+ compared toNi+) and. 
if R1 and R2 are hydroge~. the ethylene bond somewhat stronger. 
We have assigned the olefin bonds to be 3 kcalfmol weaker or 
stronger for the two cases, respectively . 

TaWt IV. Tbennochemic:al Eatimata for Sc+ Reaction 
lntermediata and Producta 

intermediate aum or 
or product bond energies• 

H-Sc•-H 108 :1:: 7 
H-Sc•-<:H 3 liS :t:: 6 
H-Sc•-clHl 115:1::6 
CH 3-Sc•-<:H 3 122 :1:: 7 
H-Sc•-<:H(CH 3)(ClHl) I I 5 :1:: 6 
CH 3-Sc•-<:JH, 122 :1:: 7 

" 141 :1:: 8 
11-sV 

'" 
" 145 :1:: 8 11-k/ 

'c", 
/CH1 149 :1:: 9 

11-s~ 
'c", 
•/CH1 150 :1:: 8' 11-$< 

/ '" 
' " 148 :1:: 9' 11-k/ 
/ '" 
Sc._ll 40:1:: s 

sc·~j •8 :t:: 5" 

5~6 
122 :1:: 7 

lUll 
238 :1:: 7 
214 :1:: 6 
205 :1:: 6 
189 :f: 7 
195 :f: 6 
174 :f: 7 

218 :1:: 8 

197 :1:: 8 

175 :1:: 9 

184 :1:: 8 

195 :1:: 9 

215 :1:: 5 

191 :f: 5 

179 :1:: 7' 

• All values in kcalfmol. • !UI,<.Sc•) • 242 kcalfmol from ref 33. 
!UI,{CH 3) • 35.1 kcalfmoland tU/,{ClH1) • 25.9 kcal/mol from ref 
3•. Auxiliary beats of formation arc taken from ref I I. 'The 
atrengths of the bonds to propylene and butene in Sc(IIJ) complexes 
were estimated to be 35 and 40 kcalfmol. respectively. on the basis or 
u-ends acen for u• in ref 32. "The atrengtb of the Sc• bond to butene 
wu estimated to be •8 kcal/mol on the basis of trends ~een in ref 31 
and 32. 'Tbe following assumptions were u5ed in estimating the heat 
of formation of this compound . (I) There is no llrain energy involved 
in fOTVJinathe metallacyclc u auuested in ref 30b. (2) The primary 
and aecondary C-H bond atrenJths in ,_butane are 98 and 95 kc:al/ 
mol. rapcctively . 
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