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ABSTRACT

THE GAS PHASE CHEMISTRY OF METAL AND METAL-CONTAINING

IONS WITH AMINES AND ALKANES

by

Barbara Diane Radecki

The gas phase chemistry of metal and metal-containing

ions with amines and alkanes is presented. The three step

mechanistic sequence, metal insertion/fi-hydrogen shift/

competitive ligand loss, is used to explain the formation of

the observed product ions in these reactions.

The reactions of cobalt and cobalt—containing ions with

secondary and tertiary amines serve to illustrate the

‘utility of'nmtal ions as chemical ionization reagents. The

product ions observed in the reactions of the various amines

are found to be dependent upon the structure of the amine

being analyzed. Molecular weight information is apparent

from ligand substitution reactions.

The metal insertion step as it occurs in the reactions

of Fe+, Co+ and Ni+ with linear alkanes is examined. The

relationship between the nmmal insertion intermediates

formed in the first step of the mechanism and final product

distributions is presented. Preferential insertion of W

into specific C-C bonds in alkanes is noted. A correlation



between preference for insertion into a particular C—C

skeletal bond and the ionization potentials of the alkyl

radicals formed when the C-C bond is cleaved to form R-W-R'

is discussed. This correlation suggests that as the

IP(CnHZn+l) decreases, D (M+’CnH2n+l) increases, implying

that the insertion intermediates involving those in which

the sum of the two M‘l'-R bonds is largest are formed

preferentially.

Finally the chemistry observed with linear and branched

alkanes when one or two ligands such as CO or PF3 are bound

to the metal ion is examined. Ion/induced dipole

interaction energy calculations are presented. The

feasibility of an intact alkane displacing a CO or PF3

ligand is established. Differences in the chemistry of W

and ML+ (n=l,2) are explained on the basis of steric

effects. Parallels between gas phase and condensed phase

alkane chemistry are discussed.
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Chapter 1

Introduction

Within the past several years, the gas phase chem-

istry occurring between several transition metal ions and

various organic molecules has been reported.1’5 The

majority of this work has involved the characterization

of the reactions of bare (+1) metal ions with polar

organic molecules. Out of this early wOrk came the for-

mulation of a mechanism involving a metal ion insertion

IB-H shift/ competitive ligand loss sequence» This

mechanism has been used to explain the formation of the

majority of the product ions. Its feasibility has been

established through both labellingéi7 and energetic

studies.8

Overall, the significance of this work is threefold.

In terms of the mechanistic implications, these gas phase

reactions allow one to probe the rearrangements of

organic molecules on metal centers in the absence of

complicating solvent molecules. Secondly, thermochemical

information such as bond strengths and metal ion reaction

energetics can be inferred from the results. Finally, in

terms of the analytical applications, these metal ions

can be assessed as chemical ionization (CI) reagents.

1



Note that ideal CI reagents allow for the determination

of both structural and molecular weight information in

regard to the analyte species.

To gain further insights into these gas phase

processes, Ion Cyclotron Resonance (ICR) spectrometry is

used to study the reactions of metal and metal-containing

ions with.amines and alkanes. First, the reactions of'

the electron impact fragments of Co(CO)3NO with select

secondary and tertiary amines will be discussed. This

work represents a continuation in the characterization of

the reactions of metal ions with polar organic molecules.

These results will be compared to the gas phase reactions

of cobalt and cobalt-containing ions with primary amines9

and to the chemistry observed for amines in condensed

phaseslo. Next, the chemistry observed between the

electron impact fragments of Co(CO)3NO, Ni(CO)4. Ni(PF3)z,

and Fe(CO)5 and a series of linear and branched alkanes

will be examined. The discussion of the alkane chemistry

will be divided into two parts. To gain a better

understanding of the insertion process, the first part

will examine the metal insertion step as it occurs in

linear alkanes. An ordering and explanation of the

preference of M+ (M+-Fe+,Co+.Ni+) for the C-C bonds of

alkanes will be established. Finally, changes observed

in the chemistry of bare (+1) metal ions with alkanes



when ligands such as CO, NO or PF3 are bound to the metal

will be discussed. Parallels to condensed phase

chemistry will be made.

Overall, the product ions formed in these gas phase

studies yield both.structura1 and molecular‘weight infor-

mation. Structural information becomes apparent from a

knowledge of the mechanism of interaction between metal

ions and organic molecules. Molecular weight information

can be obtained from ligand displacement reactions.

However, before presenting the results, the basis for

their interpretation must be established ”in an

understanding of the basic principles of operation of an

ICR spectrometer. This understanding, coupled with a

knowledge of the pertinent research already carried out

in the areas of both gas phase and condensed phase

organometallic chemistry, will enable one to extract .the

structural, mechanistic and thermodynamic information

which is inherent to the results.



Chapter 2

Principals of Operation of ICR

ICR 'spectrometry' ‘was developed as a ‘mass

spectrometric technique for the study of bimolecular

reactions in the gas phase (at low pressures. These

bimolecular reactions proceed as a result of ion-neutral

collisions which occur when the pressure is increased

above a low "collision free" pressure of ~2x10"6 torr

(for a reaction time of ulmsec). The ionic products of

these reactions manifest themselves as "new" peaks in the

mass spectrum. The study of these reactions under "mass

spectrometric conditions" allows for an examination of

reactive systems in the absence of complicating solvent

interferences.

There are several features of ICR spectrometry which

make it particularly well suited for the study of these

bimolecular or ion/molecule reactions. First of all, the

ICR is operated routinely at pressures of less than

1x10'5 torr. These low pressures, coupled.with reaction

times which are on the order of milliseconds,ensure that

the predominant reactions taking place are bimolecular in

nature. Furthermore these bimolecular reactions are

4
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believed to occur within an order of magnitude of the

collision frequency (~1xlO"10 cm3 molecule ’ls'l) which

implies‘ that the observed reactions proceed with

essentially no activation energy. Furthermore, the

observed processes are assumed to arise from exothermic

or thermoneutral processes. This assumption allows one

to determine limits on heats of formation of products and

on bond strengths. Finally, unique to this technique is

ion cyclotron double resonance which provides a means of

positively identifying predursor ions of reaction

products.

Figure 1 represents a block diagram of an ICR spec-

trometer. Ion formation, focussing, acceleration and

detection occur in the ICR "cell". The cell, illustrated

in Figure 2, consists of three sections which include an

ion source, analyzer, and collector. The ICR cell is

housed in a stainless steel vacuum chamber and is

' located between the poles of an electromagnet.

Thorough reviews of the theory involved in ICR spec- '

trometry have been presented in the literature11'16. A

brief review of these principles will be provided here to

describe the dynamics of charged particles in electric

and magnetic fields.

Ions are formed in the source by electron impact

(70eV). Due to the presence of a magnetic field, B, the

iOns are constrained to circular orbits in a plane which

is normal to B. For an ion of mass m, acceleration a,
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charge q, and velocity V which is perpendicular to 'B', the

force acting on the ion is presented in equation (1).

F = ma - q(§LE;§).e 923' (1)

(where V is the velocity :ormal t: B, 117] 8 v)

This force is perpendicular to B and v. Furthermore, due

to the Circular motiOn of the ions

a - PE (2)

T

where r is equal to the radius of the ion path.

Substituting equation (2) into (1) and rearranging, an

expression for the angular frequency, 3, of the ion in

rad/s is obtained (equation (3)). r

ma - my} - qvb

“c r' X ' SE (3)

1“ m

we is the natural cyclotron frequency of an ion in the

presence of a magnetic field. For example, the cyclotron

' frequency of a Co+ ion in a magnetic field strength of

1.0 Tesla is:

-
S a

- he a 1.6x10 19C x 1.0? :- 2.6x10 2

”c I? 6.28 x 59u x 1.66x10"'kg7u

Note that cc is independent of velocity. Furthermore,

for a constant “c. the mass to charge ratio of the ion

varies linearly with B.

The motion of ions in the presence of a magnetic

field is not restricted in the plane parallel to B.

Thus, to constrain the ions in the cell in the XY plane.
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a trapping potential, Vtrapv is applied to the trapping

jplates. The electric field established by this potential

is parallel to B and restricts the motion of the ions in

the plane perpendicular to B'by creating a potential

energy minimum near the center of the cell. Therefore,

when detecting positive ions, small positive voltages

(<O.5V) are applied to plates 2 and 4 in Figure 2.

To move the ions from the source into the analyzer,

a potential difference, Vdrift, is applied between the

plates which are located above and below the electron

beam (plates 1, 5, 3 and 6 in Figure 2). The electric

field .produced by the drift plate -potentials is

perpendicular to the magnetic field (Ex B). Under these

conditions, the ions move at right angles to both E and

B. The force acting on the iOn under these circumstances

is given in equation (4).

F “21.2.! e of +5123 (4)
at c

Assuming that E and B are constant, the velocity, V, .

of the ion consists of two components,‘V‘, associated

with the cyclotron motion and‘V'd, the drift velocity.

The equation for velocity is presented in equation (S).

7-? +3? -'\T' + cExB (5)

d '3?-

(Note that 73 is equal to (cExB)/B2). Substitution of

equation (5) into equation (4) yields a new expression

for F: F = m E8 4167' x j; (6)

. at c
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From equation (6), it is evident that v‘ is independent

of E. Therefore, one can conclude that this component of

the velocity is associated with the cyclic motion of the

ion occurring about the magnetic field lines, with the

ion moving at its cyclotron frequency. The other

component of velocity Va is perpendicular to both Eand

'B'. The drift velocity can be simply evaluated12 by

equation '(7) where adrift is the magnitude of the

electric field. The electric

Vd I" Egrift (7)

B

field can be obtained by dividing 'the potential

difference between the drift plates by the distance

separating the plates. Note that the drift velocity is

independent of mass and charge. Typically, the distance

between the plates is 1.0 cm and the potential difference

between the plates is 0.5 V at B - 1.0T. The drift

- velocity of an ion calculated by substitution of these

parameters into equation (7) is 50 m/s. Considering that

the distance between the electron beam (point of

ionization) and the far end of the analyzer region is

approximately 8.6 cm, we can determine that an ion

spends about 2x 10'3 s in the cell at a magnetic field

strength equal to lT. Furthermore, the total distance

travelled by the ion during this time period is

approximately 1m. An illustration of the drift velocity

is provided in Figure 3.
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A marginal oscillator with phase sensitive detection

is connected to the top and bottom drift plates in the

analyzer region. The marginal oscillator serves as the

detection system for the ions once they pass into the

analyzer region. The output voltage of the marginal

oscillator is varied sinusoidally at a frequency which is

dependent upon the inductance and capacitance of a tank

circuit. The ICR cell serves as a capacitive element in

the tank circuit of the marginal oscillator. Detection

of an ion occurs when we of the ion is the same as the

frequency of the marginal oscillator. When these

frequencies match, the ion is said to be in resonance

with the applied field. When in resonance, an ion absorbs

energy from the radio-frequency, rf, field produced by

the marginal oscillator and in doing so generates an

electric signal in the circuit.

The power absorbed by an ion from the rf field in the



ll

resonance region can be determined. Since the rf signal

is an electromagnetic wave, it has an amplitude of trf.

When interacting with a moving charge, the rf signal can

be resolved into two contrarotating circular components,

each with an amplitude of erf/Z. When an ion is in

resonance, its orbit tracks only one of these circular

components. Thus, the frequency of the ion is the same

as that Of the rf field. When in resonance, the force

acting on the ion is given by equation (8).

F - me - erf q (8)

T

Solving equation (8) for a, equation (9) is obtained.

argues (9)
Zn:

Integration of equation (9) with respect to time yields

an expression for velocity. Therefore, after an ion has

been in resonance for a time period of t, its velocity is

t

v-fadtsczggt (10)

O .2m

 

The instantaneous power absorbed,A(t), by an ion is a_

product of the force acting on the ion (equation 9) and

its velocity (equation 10).

A(t) - Fv - rfz qz t (11)

‘tm

To calculate the average power absorbed by an ion during

the time, ‘t (O < t < t), the ion spends in the detector,

equation (11) is integrated with respect to time from 0

toT. 1

A 1' 2 Mt s l f A(t)dt a c 2 21 (12)

( ) ) ‘1’ o ‘lé—‘mq.
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Equation (12) yields the power absorbed by one ion at

resonance. Power absorption is inversely proportional

to mass.

During the course of a typical single resonance

experiment, the magnetic field strength is scanned from

0 to 1.8 T (181(6) while the frequency, ”m.o.» of the

marginal oscillator is held constant and chosen such that

one atomic mass unit corresponds to a change of 0.01 T

(100 Gauss):

,m o . “m o g 1,6021x10-19c x 0.01 T - 1.5357x105Hg

2n 6.2832x1uxl.6604x10-27Kg/u

 

 

Recall that from equation (3), the m/q ratio varies

linearly with B at a constant frequency. Thus by setting

the marginal oscillator frequency at 153.57 kHz and

scanning B, each ion is brought into resonance, one at a

time, with the marginal oscillator and detected. A plot

of absorption versus B, which is linear in mass, is

' obtained.

To enhance the signal-to-noise ratio, SIN, the ion

signal is modulated by applying a 27Hz square wave on one

of the trapping plates (plate 2, Figure 2). When the

potential on the plate is negative, all of the positively

charged ions are swept out of the cell. As a result, the

rf level of the marginal oscillator varies at this same

frequency. Using a lock-in amplifier in conjunction with

the marginal oscillator, the SIN is greatly improved.

Under these circumstances, the marginal oscillator is
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modulated at the same frequency as the square wave on the

trapping plate. Thus, the marginal oscillator generates

a signal only when ions are present in the cell.

Theoretically, a marginal oscillator can detect as few as

14 ions.12

Following the analyzer is a collector region. The

collector plates are all connected to ground. When the

ions drift into these plates, an ion current is

produced. The total ion current can be measured using an

electrometer. The total ion current is on the order of

10"12 Amperes. '

Ion-neutral collisions resulting in the formation of

products occur when the pressure in the cell is increased

above a "collision free" pressure of ~2x10"6 torr. To

identify the reaction sequences involving the produet

ions formed in ion—molecule reactions, ion cyclotron

double resonance (ICDR) is utilized. This technique is

unique to ICR spectrometry and it allows one to

unambiguously assign the precursors of a product ion.

During ICDR, the frequency of a variable rf

oscillator is scanned in the source thus adding energy to

potential reactant ions. At the same time, the product

ion under consideration is kept in resonance with the

marginal oscillator in the analyzer. Thus, its intensity

is continuously being monitored. When the we of a

potential reactant ion equals the frequency of the
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secondary oscillator in the source, the ion absorbs

energy and is swept from the cell. If the ejected ion

corresponds to a precursor, a decrease in.the intensity

of the peak representing the product ion being monitored

is observed. Since the magnetic field strength is kept

constant during ICDR, the following relationship holds:

3 ' “product m‘product C 3 "precursor mprecursor C (13)

q q

Therefore, the mass of the precursor is readily

  

determined from equation (13) when the frequency ratio is

known.

” roduct ' mprecursorP
 

“precursor mproduct

Detailed descriptions of the ICDR experiment 11,12 and

thorough discussions concerning the interpretation of

double resonance results16o17 can be found in the

literature.



Chapter 3

Overview of Gas Phase

Transition Metal Studies

Early work13a19 done with transition metal compounds

in gas phase studies inyolved volatile carbonyl

containing species, M(CO)x (where M = Ni,x - 4; M - Fe, x

- 5; M 8 Cr, Mo, W, x - 6). Transition metal carbonyls

were of interest due to the fact that metal carbonyls

play an important structural role in many organometallic

complexes. Gas phase studies allowed for an examination

of the intrinsic properties of a metal complex in the

absence of complications from the interference of sol-

vent. The fragmentation patterns observed for these metal

carbonyls following ionization via electron impact was

used to determine the ionization potential of MCOx and

the appearance potentials of the remaining fragment ions.

Using this information, the energetics involved. in

ionization and dissociation of the ions was determined.

The first ion/molecule reactions observed for

mononuclear organometallic compounds were reported by

Schumaker and Taubenest.20 They observed peaks

corresponding to the fbrmation of bimetallic ions in

their mass spectrometer. They used reaction (1) to

15
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account for their results

NICp+ + Nisz 4 Nich3+ (1)

(where Cp 8 C5H5).

Another early investigation by Miller21 revealed that

polynuclear metal complexes were formed from

ion/molecule reactions in CpV(CO)4, Cr(CO)6, Ni(PF3)4,

Cr(06H6)2, CpCrCONO and (C6H6)Cr(CO)3. Furthermore,

MUller reported ion/molecule reactions occurring between

ionized transition metal complexes such as CpCo(CO)2+ or

CpNiNO‘l’ and a number of c and a donor molecules including

H20, N113 and benzene. Emerging from these investigations

was the realization that ion/molecule reactions of

organometallic complexes in the gas phase yielded useful

information regarding the formation and stability of

metal-metal and metal-ligand bonds.

During the time in which Muller was conducting his

studies, the ICR technique was being developed. The

utility of ICR in the study of gas phase ion/molecule

reactions was soon realized.22 Foster and Beauchamp were

the first to use this technique to study the reactions of

ions formed by electron impact on Fe(CO)5 with neutral

Fe(CO)5 and in binary mixtures with molecules such as

CH3F,H20,NH3 and HCl.23 They observed the formation of

binuclear iron species. Using ICDR, they were able to

unambiguously determine that this binuclear iron species

‘was formed from Fe+ and Fe(CO)5:

Fe+ + Fe(CO)5 9 Fe2(CO)4+ + co
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Results from the experiments involving binary mixtures

enabled them to determine bond energies and the relative

rates of ligand substitution in Fe(CO)n+ (n -= 0-5). From

these studies, it was evident that ICR could serve as a

useful tool in the characterization of the thermodynamic

and intrinsic chemical properties of ions and molecules

in the absence of solvent.

In addition to the formation of polynuclear clusters

and ligand substitution reactions, many transition metal

complexes were found to exhibit rich chemistries with

organic molecules in the gas phase.2“"7.5 For example,

Ridge g£_gl. were the first to report the formation of

metal to carbon bonds in the reactions of the electron

impact fragments of Co(CO)3NO and Fe(CO)5 with alkyl

halides7 and alcohols}.6 Tricarbonylnitrosylcobalt(O)

and other metal carbonyl compounds were chosen for study

because of their volatility and because CO and NO serve

as important ligands in transition metal chemistry. The

formation of metal to carbon bonds was explained by the

oxidative addition of 11+, formed from electron impact on

MLn (M 8 Fe, Co,Ni,Cr), to C-X bonds (where X = halide or

OH) in saturated polar organic neutral molecules.

Essentially all of the polar organic molecules that

have been studied to date react with transition metal

ions such as Fe+, 00+ or Ni‘l' in the gas phase. Reaction

(2) illustrates the dominant mechanism believed to be
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operative in these gas phase studies. This mechanism

involves a metal insertion IB-H shift/ competitive ligand

loss sequence.

c3+ >—c1 —> c3—c1—>/||--clJ—CI —>—

H H

/ll--Co”--CIH /|] —--c&‘ + HO! ‘2’

Cot-eon + J

-

Thus, Co+ inserts into the polar C—Cl bond followed by

the shift of a B-hydrogenZB. Isopropyl chloride is

"rearranged" on the ionic metal center into HCl and

propane. HCl and propane then compete as ligands on the

metal. Similarly for alcohols, Ridge and coworkers

reported that the metal ion inserts into the C-OH bond to

eliminate H20.1 In general, Fe'l', Co"’ and Ni+ were all

found to dehydrate alcohols and dehydrohalogenate alkyl

halides},6

Many other polar organic molecules have been studied

with various metal containing compounds. Ridge and

coworkers also studied mixtures of T1014 with small

olefins30 and oxygen containing organic compounds.33

These reactions were of interest due to the catalytic
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participation of TiC14 in the Ziegler-Natta scheme for

the polymerization of olefins in solution. Ridge et al.

found that the electron impact fragments of TiClz,

(Including T1+. TIC1+. T1C12+, TIC13+ and TIC14+)

exhibited specific chemistry with organic compounds.30:33

Furthermore, different chemistry was observed depending

upon how many chlorines were bound to Ti‘l'. For example,

T1012+ and TiCl3+ were both found to eliminate HCl and

smaller olefins from larger olefins, Ti‘l' was found only

to eliminate H2, and TiClA'l’ was unreactive.

Beauchamp m1. have reported the decarbonylation

of aldehydes by (n5-C5H5)Ni+ in the gas phase.27 The

mechanism they proposed involved a reaction intermediate

such as

~ chit-co

RH

from which the competitive elimination of RH or CO could

occur. Decarbonylation of aldehydes in solution and on

solid surfaces has been reported in the literature.76

Beauchamp and his coworkers at Cal Tech have made

other significant contributions to the area of gas phase

transition metal chemistry. They have studied cobalt and

chromium carbenes2»“2 in an effort to characterize these

metal carbenes in the gas phase. Transition metal

carbenes are of interest because they may serve as

intermediates in the Fischer-Tropsch synthesis and in
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olefin metathesis. Furthermore, Beauchamp eg_g1. have

examined the basicity of iron pentacarbonyl,2“

ferrocene25 and nickeloceneZGin the gas phase using ICR

and have reported the proton affinities of a number of

organotransition metal complexes!“ They have determined

the metal-ligand bond dissociation energies of some

n-donor ligands to cyclopentadienylnickel cation79 and

have described the methodology involved in the

determination of metal-hydrogen, metal-carbon and

metal-ligand bond dissociation energies in (the gas

phase.37o77-78 The purpose of these studies was to gain

information relating to the intrinsic reactivity of

transition metal complexes in the absence of solvent.

Freiser and' coworkers at Purdue reported the

cleavage of C-C, C-H, and C-0 bonds in the gas phase

reactions of Fe'l’ with ketones and ethers.’t8 They

observed the formation of alkyl-, acyl- and alkoxide Fe‘l'

species arising from oxidative addition reactions. They

also observed decarbonylation for a few small ketones.

Dehydrogenation was reported for unbranched ketones and

reductive elimination of methane occurred in ketones

which were branched at the a carbon. They also reported

the gas phase chemistry of Cu+ with esters and ketones.38

The gas phase chemistry of Cu+ with alkyl

chlorides“0 was reported by Staley M. Halide

transfer onto Cu+ followed by dehydrochlorination was
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observed. The mechanism they used to account for their

results once again involved oxidative addition of Cu+ to

the polar carbon-halide bond.

Work done in the Allison lab at MSU has involved the

characterization of the reactions occurring between iron

or chromium containing ions and polyethers.6o The

chemistry occurring between the 70eV electron impact

fragments of Co(CO)3NO and various bifunctional organic

molecules has also been reported.5’59 These results

indicated that bifunctional molecules exhibit (a much

richer chemistry than monofunctional compounds due to the

interaction of the metal ion with two polar functional

groups instead of one. Also, the reactions of

nitroalkanes and cobalt-containing compounds have been

reported recently by Allison g£_g1.72

From the brief overview presented above, it is

evident that the chemistry of many transition metal ions

and transition metal complexes has been studied. The

results‘ illustrate the rich chemistry occurring with

various types of organic molecules in the gas phase.

Furthermore,the mechanism which has been found to be

operative in these reactions is one involving an

oxidative addition of the metal ion followed by the shift

of a hydrogen and competitive ligand 1033.697

In an effort to characterize the reactions of metal

ions with select nitrogen containing compounds, a study

of the reactions of cobalt-containing ions with secondary
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and tertiary amines was carried out as the first part of

this Ph.D. project. This particular part of the project

represents a continuation of work done earlier with

primary amines by this author for a Master's thesis.

In investigating the chemistry of metal ions with

organic compounds containing C-N bonds, it was determined

in our lab that nitroalkanes react with Co+ to yield

products indicative of initial 00* insertion into the C-N

bond. For example, reaction (3) was reported for Co'l’ and

2-nitropropane. ,

Co+ + >—N02 -) y cO+-N02 a Co-HNOz‘l’ + J (3)

H ,

The trend established by the earlier work done with polar

compounds (reaction(l)) and by reaction (3) suggested

that primary amines would undergo similar reactions.

Therefore, for the reaction of Co+ with isopropylamine,

reactions (4) and (5) were expected:

Co+ + >-NH2 -» 2—Co‘l’ -NH2 -I: CoNE3+ +J| (4)

H

C0122“ + NH3 (5)

However, products indicative of Co+ insertion into the

C-N bond of primary amines were never observed. Instead,

only products indicative of metal ion insertion into C-C

and C-H bonds were observed. Thus, Co+ reacted with

primary amines to induce the elimination of H2, small

alkanes and small alkenes.”
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These results were not totally unexpected since they were

similar to results observed by Mfiller for metal-containing

ions such as C5H6V+ and C5H5NiNO+ with diethylamine

and dimethylamine. 30' 31 He reported reaction products

corresponding to the elimination of one or more molecules

of hydrogen or of small hydrocarbons.

In Chapter 5 of this dissertation, the chemistry of the

Coma); (x-o-z) and Co(CO)NO+ (Ran-3110113 formed by

electron impact on Co(CO)3NO with secondary and tertiary

amines will be discussed. It will become apparent, that

the reactions observed for secondary amines parallel those

observed for primary amines and those observed by MUller,

whereas the products formed in the reaction of metal ions

with tertiary amines are suggestive of a mechanism

involving metal 'ion insertion into C-N bonds. These

results will be compared to those observed in condensed

phases.

Chapters 6 and 7 will be devoted to the gas phase

chemistry of metal—containing-ions and alkanes.43 In 1979,

first row transition metal ions were reported to interact

with alkanes in bimolecular gas phase reactions. These

initial results indicated that it was energetically

feasible for ions such as Fe*, Co+ and Ni+ to insert into

any of the skeletal bonds of most alkanes in an

exothermic process. 43:52:57 For example, in the

reaction of Col"with n-butane, products indicative of

initial insertion into both the terminal and internal C-C
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bond were observed:‘3 (reactions (6) and (7))

 

co.

0

CH3CH2CH2CH3

CH3-C0‘433H7 Csz-COI-Czfls

l 3

1 11-11 mm 1

COC3H5’ CoCzl'l‘I
. 0

CH4 (bl C2"; (7)

Twelve percent of the products of this reaction were

attributed to CoC3H6+. The CoC2H4+ product represented

fifty-nine per cent of the products. The remainder of the

products (twentyenine per cent) arose through hydrogen

elimination resulting in the formation of CoC4H3.

The product distributions observed in the reaction of Co+

and butane, along with subsequent studies of the mechanisms

involved in H2 elimination 51052 suggested that the

formation of products from intermediate 3 are favored over

intermediate,1. A number of attempts were made to explain

why some products are formed in greater abundance than

others. (These attempts will be discussed in Chapter 6).

We believe that the insertion process plays a dominant

role in determining the final product distributions.

Based on work performed in our laboratory, along with

product distributions reported previously in the litera-
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ture,6:35:43o52.53.57 a direct correlation between the C-C

bonds of normal alkanes preferred by Hi'for insertion and

the ionization potentials (IP's) of the alkyl group bound

to M+'(M=Pe. Co, Ni) upon its insertion is reported and

rationalized in Chapter 6. It is suggested that this

correlation is indicative of reactions where the most

stable insertion intermediate is formed preferentially thus

leading to the greatest abundance of products. Therefore,

the distribution of insertion intermediates reflects their

relative stabilities.

Finally, Chapter 7 will examine the changes which occur

in _the chemistry of Fe Co and Ni with straight-chained

and branched alkanes as up to two ligands (including

CO, NO or PF ) are bound to the metal. Previous stu-

d1686136043052I53I57 have focussed on the reactions of the

bare (+1) metal ions with alkanes. However, in condensed

phases, the organometallic reactions of interest involve

metal complexes.35137
 

In the gas phase, with the addition of ligands, a number

of pathways may be taken, depending upon the number and

nature of the ligands. These pathways will be diScuss-

ed and compared to those observed in condensed phase

chemistry.



Chapter 4

Experimental

This chapter will consist of three parts. The first

part will describe the specifications of the ICR

spectrometer used in this study. The second part will

list the chemicals utilized along with their

manufacturers. The last part. will briefly describe how

the data were acquired.

ICR Specifications

All experiments were performed on an ICR

spectrometer of conventional designs“ which was

constructed at Michigan State University. The ICR cell

consists of a source, analyzer and collector region. The

overall dimensions of the cell are 0.88 inch by 0.88inch

by 6.25 inches. The source region is 2.00 inches long,

the analyzer region is 3.75 inches long, and the

collector is 0.50 inch long. Ions are formed in the

source by electron impact with 70eV electrons. The

electron filament is emission regulated. Both the

filament controller and plate voltage controller for the

ICR cell were designed and constructed at MSU. The

26
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instrument is operable in either the pulsed or drift ICR

modes. All datafor this study were obtained under

normal-drift-mode conditions by using trapping voltage

modulation and phase sensitive detection. A marginal

oscillator detection system based on the design of

Warnick, Anders and Sharp85 was used. Ion cyclotron

double resonance experiments11 were performed using a

Wavetek Model 144 sweep generator as the secondary

oscillator. The ICR cell is contained in a stainless

steel vacuum system and sits between the polecaps of a

Varian 12 inch electromagnet (1.5 in. gap). A varian

V-7800, 13 kW power supply and a Fieldial Mark I Magnetic

Field Regulator are used to operate the electromagnet.

The instrument is pumped by a 4-inch diffusion pump

with a liquid nitrogen cold trap and an Ultek 20 liter

per second ion pump. Samples are admitted by Varian

951-5106 precision leak valves. The approximate sample

pressures are measured with a Veeco RGlOOO ionization

gauge.

Chemicals

Tricarbonylnitrosylcobalt(O) and tetrakis(trifluoro-

phosphine)nickel were obtained from Alfa Inorganics. Iron

pentacarbonyl, 2,2,3,3-tetramethylbutane and butane were

purchased from Aldrich Chemical Co. Piperidine, pyrr-

olidine, tetrahydrofuran, diethyl ether, diethylamine

and triethylamine were obtained from Chem-Service Inc.
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Tetrahydrofuran-dg was purchased from Norell Chemical

Co., Inc. Ethylbutylamine, propane, Z-methylpropane,

2,2-dimethylpropane, butane, 2,3-dimethy1butane, 2,2-di-

methylbutane, pentane, 3-methy1pentane, 2,4-dimethy1pen-

tane , 2 , 3 , 4-trimethylpentane , 2 , 2 ,4-trimethy1pentane ,

hexane, heptane, octane, nonane and decane were obtained

from Fluka Chemical Corporation. Methane and ethane were

purchased from Matheson Company, Inc. All samples were

degassed three times by freeze-pump-thaw cycles. After

degassing, the vapor pressure of a liquid sample (typi-

cally around 6 torr) was admitted into an evacuated glass

bulb and was used without further purification.

Data Acquisit1gg

Data were acquired in the following manner. High-and

low-pressure (1x10"’5 torr versus 1x10"6 torr) spectra “of

each compound were obtained. Any ions formed by

ion/molecule reactions in the organic compound alone and

in the metal compound alone were determined. Next, a 1:2

mixture (by pressure) of metal compound to alkane or

amine was introduced into the cell at a total pressure of

~8xlO"6 torr. Spectra were taken up to a mass to charge

ratio (m/z) of 260 and all product ions characteristic of

the mixture were identified.

Conventional double resonance techniques were used
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to identify the ionic precursors of the ion/molecule

reaction products. (Note, that if A‘l’ -9 B‘l’ and B'l’ -) C+,

then the precursors of CI as determined by ICDR will be

A+ and BT). Branching ratios were calculated to determine

product distributions and were taken to be accurate to

within 1 101. The reported reactions are facile and occur

within an order of magnitude of the collision frequency

(k s 1 -10x10'10 cm3 molecule‘ls’1)o An approximate

lower limit for the rate constant for processes not

observed is 5 x 10'11 cm3 molecule‘ls'l.

(Note that when working with metal carbOnyls in

these experiments caution must be used in interpreting

results and suggesting product compositions. This is due

to the fact that both Csz, and CO have a nominal mass of

28u. Yet, following a careful analysis of all precursors

of each product and a comparison of these results to the

results of similar studies, the processes reported in

this dissertation are thought to represent a

self-consistent set).



Chapter 5

Gas Phase Chemistry of Co(CO)3NO

with Secondary and Tertiary Amines

In this chapter, the reactions of the 70eV electron

impact fragments of Co(CO)3NO (Co+,CoCO+,CoNO+,Co(CO)2+,'

CoCONo+, Co(CO)2NO+ and Co(CO)3No+) with diethylamine.

pyrrolidine, piperidine, ethylbutylamine and triethyla-

mine will be presented. A summary of these reactions, in

terms of the neutral losses, is presented in Table 1

along with the branching ratios. Also included in Table l

are the reactions observed for a few analogous oxygen

containing compounds. (Note that labelled tetrahydrofuran

was used to unambiguously identify products because in

the reactions of unlabelled tetrahydrofuran, loss of

- ‘ (H20+CO) could not be distinguished from loss of (C2H50)

(CZHA and CO both correspond to 28u)). The discussion of

these results will consist of four parts. The first part

will examine the formation of CoH as a neutral product

and will present evidence indicating that metal-induced

H2 elimination from amines occurs with Co"’ insertion into

an 11-11 bond as a first step. The second part will discuss

intermediates involving metal-amide bonds. A comparison

to the chemistry occurring in condensed phases will be

30
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made. The third part will examine the differences with

the addition of CO and NO ligands on the metal. ‘The last

part will compare and contrast the reactions of cobalt

and cobalt-containing ions with analogous oxygen

containing compounds.

The data presented in Table l coupled with the

results previously reported for primary amines71 suggests

that both the N-H bond and the a-C-H bond of amines are

attacked by Co+. Attack of the o-C-H bond results in the

loss of the CoH neutral and formation of the (amine-1T+

ion. Insertion of Co+ into the N-H bond leads to H2

elimination. '

Consider first the formation of CoH. Co‘l' reacts

with all of the secondary and tertiary amines in Table l

to form COH. Co+ also reacts with methyl-, ethyl-,

propyl—, isopropyl-, butyl-, isobutyl-, . and

sec-butylamine to form CoH.71 It does g2; react with

tert-butylamine to form CoH. Thus, this process occurs

for triethylamine (which does not contain an N-H bond)

and for methylamine (which contains only a-C-H bonds and

N-H bonds) but not for tert-butylamine which has no

a-C-H. These results suggest that the reaction is

predominantly an a-hydride abstraction. A general

mechanism for this process is provided in reaction(8).
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R R’ l
\l ,

Co’oR-CH-NHz—r C-H‘--Co

II ' I

R NHZ. R,.

3 —-> [Cu-Cori (0)

R RN“:

\ -Cd-H -CoH

1 ,
L - 91H 

I

R-g-NHepiNH

2 R

Thermodynamic conclusions based on this reaction type are

difficult to make due to the fact that accurate

thermodynamic data on the possible (amine-l)+ ions are

not available. Also, bond strengths for Co-H reported in

the literature have values ranging from 40 to 70

kcal/mol.88 However, the driving force of this reaction

may be the stability of the product ion. For example,

when Co'l' reacts with CH3NH2 to abstract a hydrogen, CH4N+

is formed. While the structure of CHAN” formed in this

manner is unknown, available thermochemical data82

suggests that the protonated amide, CH4N+, is a highly

stable ion.
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Table 1 also shows that H2 is eliminated in the

reactions of Co+ with piperidine and ethylbutylamine.

Furthermore, it is evident that Co+ does not react with

triethylamine to induce the elimination of H2. Note that

all of the primary amines previously studied, except

tert-butylamine, reacted with 00+ by elimination of H2.

Overall, .these results suggest that H2 elimination occurs

following Co+ insertion .into the N-H bond. H2

elimination is illustrated for ethylbutylamine in

reaction(9). Several observations support this

mechanism. First, H2 elimination occurs in the reaction

of Co+ and methylamine in which only a CI-N double bond

can be formed (for a 1,2 elimination). Also, H2

elimination is not observed for tert-butylamine. This

negative result is expected based on the proposed

mechanism since, following Co+ insertion into the NeH

bond, no s-H is available to shift. Furthermore, in

terms of primary amines, labelling experiments with

- +-

co" + tap-1.911111%"£5 -- cal-151') Co I-l

[cs-H
01-13::nzeu2 H (9)

H n -I-I c H N

c2 5.....co" ‘3 2 5II---cd*("

c“ OH H

I I

enacnzcl-I2 °"s°"'2°"'2
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C2H5ND2 are consistent with the proposed mechanism in

that HD' elimination predominates. Finally, Table 1 shows

that H2 elimination occurs for secondary amines which

contain an N-H bond but not for triethylamine which has

no N-H bond. If H2 elimination occurred following

insertion into the a-C-H bond, then H2 elimination

resulting in the formation of a C-C double bond would be

expected for triethylamine. Since this is not observed,

this suggests that insertion into the NBHIbond leads to

H2 elimination.

Note that H2 elimination is not observed in the

reaction of Co"' and pyrrolidine, a secondary amine

consisting of a five-membered ring. Based on the

proposed mechanism, H2 elimination would result in the

formation of a double bond in the ring. The 120° bond

angles associated with a double bond are much larger than

the 105° angles associated with a stable five-membered

ring (based on cyclopentane).39 Compression of these 120°.

bond angles to satisfy the angle requirements of the ring

would result in tremendous strain. A product ion

involving this strained configuration would not be

expected and was not observed.

Interestingly, in the case of piperidine, up to three

molecules of hydrogen can be eliminated to form a

"metal-pyridine" complex (reaction (10)).
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N H -H -H -H N

e: + 0 —»< En-cd-H Jessa-{g (10)

The driving force of this reaction may be the formation

of a conjugated system which can complex strongly with

the cobalt ion. Note that the proposed product structure

involves pyridine which is known to be very stable.

Similarly, in primary amines, when the skeletal chain

consists of four or more atoms, the elimination of two

molecules of hydrogen is observed. This results in the

formation of the metal-butadiene like complex illustrated

in reaction(ll).71 Again, the driving force of

reaction (11) may be the formation of the butadiene-like

ligand which can strongly complex to Co‘l'.

cs“ + m" TEL-m ilk-n m,‘
47' \t1

C0 NH C0 NH

~

A comparison of the chemistry of diethylamine and

ethylbutylamine shows that Co+ reacts with

ethylbutylamine to form a larger variety of products than

when it reacts with diethylamine. The only product

formed in the reaction of Co+ and diethylamine is CoH.

Products indicative of initial Co‘l’ insertion into C—C or

N-H bonds of diethylamine are not observed. These

results suggest that the products observed for

ethylbutylamine arise from initial Co+ insertion into the
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C-C bonds of the bggyl portion of the molecule. These

reactions are illustrated in Scheme 1 (omitting, for

simplicity, H2 elimination and hydride abstraction).

Thus, Co'l’ inserts into a C-C bond, afi-hydrogen shifts

onto the metal and finally two molecules compete as

ligands on the metal. Previous work indicates that the

bond strengths between Co"’ and a variety of ligands can

be correlated to the proton affinities of the ligands.5

Therefore, the larger the proton affinity, the stronger

the bond to the metal ion. In general, proton affinities

take the following order:83

Amines, Imines ) Alkenes > Alkanes'

Thus,in each reaction sequence in Scheme 1, the more

weakly bound ligands are lost to form the final products.

Therefore, we believe that the products observed for

ethylbutylamine are 933 indicative of initial insertion

into the C-N bonds. These results are consistent with

those reported for primary amines.71 For example, the

reactions of ethylamine are typical of primary amines

(reactions (12) and (13))

00* 4' CZHSNH2 1:4 Co(C2H5N)+ + H2 (12)

Co(CH3N)+ + CH4 (13)

Products resulting from Co"’ insertion into N-H bonds

(reaction (12)) and into C-C bonds (reaction (13)) are

observed. No reactions appear to occur via initial

insertion into the C-N bond.



38

 

Scheme 1

Co‘ 1’ WNHV

Co'i/YNHW
/\_Cok'rfi

. l .
 

(CTHA °+ (C4HltN) (ETHACJKAH’N)

cc*(c,H,,N) C3(C.H.N)
+

'1'

C211,
C2”6  # _

(c,n,)c3(c,H,N)

c3(C3H7N)

.1.

C311.
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In contrast to the results for primary and secondary

amines, triethylamine gggg form products indicative of

Co+ insertion into the C-N bond. These reactions are

shown in (14) and (15).

00+ + (C2H5)3N -» Czns-Co+-N(C2R5)z —. Co(Cz,H11N)+ + CzHalld)

\Co(C(,H9N) + + c2116 (15)

A comparison of the structures which would result from Co"’

insertion into the C-N bond of primary, secondary and

tertiary amines reveals an interesting parallel to

condensed phase chemistry.

R-Co+-NH2 R-Co+-NHR’ R-Co+-NRR"

(I) (II) (III)

Structure (I) would result from insertion of 06* into the

C-N bond of primary amines and represents a primary

amide. Co+ insertion into the C-N bond of secondary

amines would give rise to structure (II) which. is

analogous to a secondary amide. Structure (III)

corresponds to Co+ insertion into tertiary amines and

represents a tertiary amide. Products indicative of the

formation of structures (I) and (II) in the gas phase are

never observed. However, products indicative of the

formation of structure (III) in the gas phase are

observed for triethylamine. Note that in condensed

phases, transition metal primary amides and secondary

amides are rare while tertiary amides of cobalt are

common.10 The increasing stability of amides with
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increasing N-alkyl substitution is not well understood.

Primary and secondary amides may condense with the loss

of NH3' or NI-Iz—R to yield

R M M

.5 . Von

/ \ I

M M M

unless there is steric

hindrance contributing to the "kinetic stabilization" of

the metal amide species.1°. Alternatively. primary and

secondary amides may be difficult to isolate in condensed

phases due to an ability to undergo "a decompositions" in

which M-H bonds are formed in a process similar to that

occurring for metal allcyls.Jlo

Furthermore, in condensed phases, transition

metal-tertiary amide bonds are considered moderately

strong:10

M—R < M-NRR’< NOR < MI“

It is interesting to note that in the series CszNflz,

(02H5)2NH, (CzH5)3N the strength of the C-N bond increases

from 77 to 89 kcal/mol.82 Despite this, Co+ inserts into

the C-N bond of triethylamine. This may be interpreted

as an indication of an increasing metal-amide bond

strength as the extent of N-alkyl substitution increases.

In general, the gas phase results suggest that, just as

in solution. the formation of a tertiary amide is

preferred over the formation of secondary and primary

amides. Also, it is interesting to note that in
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solution. amines prefer to react to form amides when the

oxidation state of the metal is low10 and in this study

gaseous 00* was utilized.

Interesting ligand effects are observed in the

the reactions of CoCO+ with diethylamine and pyrrolidine.

Recall that Co" reacts with these secondary amines only

to form Coll. However, 'CoCO‘I reacts with diethylamine and

pyrrolidine to induce the elimination of H2. One

possible explanation of these results involves the

formulation of a mechanism in which £939: inserts into

the C-N bond of diethylamine and pyrrolidine. This

explanation is based on a series of reactions observed

for ethylamine and confirmed by labelling experiments:71

0000* + czssnmz -» 00(02H7N)"’ + co (l6)

00(0237N)"’ + CzfisNflz -» Co(NH3)(C2H5NH2)+ + c2114 (17)

By what is formally considered to be a ligand

substitution process, a complex between 00* and

ethylamine is formed in reaction (16). Note that the

further reactions of a product ion are useful in gaining

insights into its structure.1 Thus, the further reaction

of the product in (16),reaction (17), implies that the

product of (16) exists ,as:

(0211:.) 33+ (N113)

Structure IV apparently is not formed when 00* reacts

with ethylamine. The formation of IV would require the

insertion of 60+ into,a C-N bond of this primary amine.

In reaction (16) however. the reactant ion is CoCO+. This
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seemingly contradictory set of reactions can be

‘understood by considering the potential set of processes

which can occur between Coco+ and ethylamine if’CoCO+

inserts into C-C. N-H and C-N bonds. These processes are

shown in Scheme 2.

Assuming that all four intermediates (VI V", VI:

IV) are formed. it is evident that a variety of ligands

are attached to Co+ before the dissociation to final

products occurs. Proton affinities suggest that the bond

strength between 00* and" the following series of

molecules takes the following order:83

NH3 > czna > co > CH4 > H2

Thus in each reaction sequence in Scheme 2, the more

weakly bound ligands are lost to form the final products.

The product formed via intermediate IV" contains two

strongly bound ligands. NH3 and 0284. which are retained

while CO is lost. Other possible structures for

Co(c2H7N)+ such as Co(c235N)(Hz)+ and Co(CH3N)(CH4)+

would not be expected since the intermediate through

which they would be formed would lose H2 or CH4 rather

than retain these electron-poor ligands. Thus, the

Co(CzH7N)+’ion formed in reaction (16) has the structure

Co(CZH4)(NH3)+, and it reacts further in (17) by a ligand

substitution in which a second molecule of ethylamine

displaces the more weakly bound 0284 from the metal

center .
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Based on this analysis for ethylamine, we believe

that CoCO+ inserts into the C-N bond of diethylamine and

pyrrolidine to induce the elimination of H2. Reaction

(18) illustrates this mechanism for diethylamine. Note

0

H C H
CoCd+‘\,Nv-h-$H,CH,-¢3‘N§HCH3

" H H

ram of (181
28-H’s

C10 N _2,‘H ' cp N+

1|--- :3 11 |"'C°"4'
HI )1 Hc CH3 ”CC“:

that the dehydrogenation process occurring in reaction

(18) involves the shift of two hydrogens which are

located 3 to the metal ion. H2 elimination resulting

from the shift of two s-H's onto the metal in a manner

similar to that illustrated in reaction (18) has been

previously reported in the gas phase reactions of Pe‘F,

Co" and 111* with alkanes.51v52157v53 The dehydrogenation

reaction occurring for pyrrolidine is illustrated in

reaction (19). This reaction involves the insertion of

Co+ into a C-N bond thus forming a six membered ring

followed by the cleavage of this ring:

H C0

+ H C91 )4 I + ‘H2 CO\ 0..."

COCO+ N -—)- Co —>H-Co\hl' -aI- Cp

< > \" \11‘
\ (19)

The question that remains to be answered is: why

would Coco+ insert into C-N bonds in primary and

secondary amines when 00* does not? Note that in the
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insertion process

hfl'+*AB-1(AMB)+

the sum of the strengths of the two bonds formed, (M+-A)

and (AM+-B), must be greater than the sum of the strength

of the bond which is broken, (A-B) and the promotion

energy (PE)90 of MT for the process to be exothermic.

Since products indicative of Co+ insertion into C-N bonds

in primary and secondary amines are never observed, one

can conclude that it is not energetically feasible for

Co+ to insert into the C-N bond because the energy

associated with the formation of the bonds RHzS-Co+ and

Co+ -NHR’is not sufficient to overcome the prommtion

energy needed to place 00* in its proper configuration

for bonding and the energy required to break the C-N

‘bond. Perhaps Coco+ forms stronger bonds to RHZC- and/or

~NHR’than does 004' thus making the insertion of CoCO+

into C—N possible.

There are several observations which lend support to

the claim that CoCO+ forms stronger bonds than Co+.

First, data reported in the literature indicates that

this claim is true for the bond between a metal ion and

co. D(Hco+-00) > D(M+-C0) for similar first row

transition metal ions where.M t Cr. Fe and Ni and for M -

{4.32 Also, it has been reported recently for scandium,

that D(LSc+ - cs3) > D(Sc+-CH3) for L - H,CH3. Thus ScL+

forms a stronger bond to methyl than Sc+ alone.91
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Furthermore. 60* reacts with ethylamine and

ethylbutylamine to eliminate Hz via insertion into N-H.

Note that the 14-11 bond in diethylamine is approximately

15 kcal/mol stronger than the 11-11 bond in both ethylamine

and ethylbutylamine.82 No reaction is observed for Co“

with diethylamine except hydride abstraction. However. H2

elimination occurs when CoCO+ reacts with diethylamine.

This suggests that higher energy intermediates can be

formed with Coco+ than with Co+. Thus, the sum of the

bonds formed in IV’is larger than the C-N bond strength

in ethylamine and the insertion becomes energetically

accessible. . 4

Unfortunately. RCO+-NHZ and RCo+-NHR ' bond

strengths are not available. Thus a precise evaluation

of the thermodynamic influence on insertion into such C-N

bonds by (20* cannot be made. Nonetheless, these

experimental results indicate that 60"“th and Co+-NHR

bonds may be weak, and D(Co+-NR2) is largely dependent

upon the extent of N-alkyl substitution.

Also reported in Table 1 are the reactions observed

for (20030»;+ and Co(CO)xNO+ ions with secondary and

tertiary amines. In general. as the number of carbonyls

present on the metal center increase, the observed

chemistry involves almost exclusively ligand substitution

reactions in which one or more 00's are displaced by an

amine. For example, the following ligand substitutions
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were observed for all of the amines studied. (Note: "Am"

stands for the parent amine).

COCO+ + Am -) CoAm+ + CO (20)

Co(CO)2+ + AmfiCOAm-F + CO (21)

' CoAm+ +2 co (22)

With the presence of a nitrosyl ligand on the metal.

the only reactions observed are ligand substitutions.

Cocouo+ + Am -» CoNOAm+ + co (23)

Co(c0)2No+ «1 Am -1 CoNOAm+ + no (24)

Co(c0)3No+ + Am CoCONOAm+ + 2 co (25)

.1: cauom". * ”O (26)

Note that all ligand substitutions involved only the

displacment of carbonyl ligands. Never was the nitrosyl

ligand displaced. The energy needed to displace the 00's

comes from the energy released in the formation of the

new bond formed between the metal and the complexing

amine. Therefore. the number of 00's displaced is a rough

indication of the cobalt-ligand bond strengths.

Finally,the products observed in the chemistry of

Co"’ with secondary amines are much different than those

observed for analogous ethers. Oxygen is a very good

"director" for the site of metal attack in the organic

molecule; only insertion into the C-0 bond occurs. Thus,

. diethyl ether and tetrahydrofuran react to form products

indicative of exclusive (10+ insertion into the C-0 bond.
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These products are listed in Table 1. The processes

leading to the formation of products for 60+ and

tetrahydrofuran are indicated in Scheme 3. H20

elimination is shown to occur by first inducing the

isomerization of the ether to the ene-ol. Following Co+

insertion into the C-0 bond of tetrahydrofuran, there may

be _attack of the carbon which is bonded to the s carbon

to facilitate CHZO elimination. These results are similar

to those reported for small alcohols in which only

insertion into the C-OH bond is observed. For example,

isopropyl alcohol reacts with 00+ by H20 elimination but

not by cm, or H2 elimination pathways.1-6

The results observed for the analogous ethers

contrast with those observed for diethylamine and

pyrrolidine. These two secondary amines only react with

60+ to form hydride abstraction products. Furthermore.

the products observed for ethylbutylamine appear to be

typical H2 and small-hydrocarbon eliminations as a result

of metal insertion into C-C and N-H bonds. These results

also contrast to those for the ethers. Interestingly,

triethylamine does react with 00+ to form products

analogous to diethyl ether. Co+ readily inserts into the

polar C-N bond of triethylamine.

In conclusion, this study has allowed for an

examination of the basic chemistry of the isolated Co+

metal center with a series of amines and a determination
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Scheme 3
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of how this chemistry changes as the available orbitals

on the metal became occupied with CO and NO ligands.

Furthermore, this study has shown that the chemistry

which occurs for secondary and tertiary amines depends

heavily upon the structure of the amine. .A mechanism

involving a metal insertionIs-hydrogen shift and

competitive ligand loss was proposed consistent with the

observed results. Ligand substitution reactions were

reported. Since structural information is obtained by

knowledge of the mechanism of interaction and molecular

weight information can be obtained from ligand

substitution reactions. this study has illustrated the

potential of Co(CO)3NO as chemical ionization reagent.



Chapter 6

The Preference of Fe*. Co+ and Ni+

for Insertion into the C-C Bonds of Linear Alkanes

If each step in the metal insertion Is-H shift/

competitive ligand loss sequence were fully understood.

products and branching ratios could be predicted _a_

2.12213.- This would render metal ions as ideal reagents in.

chemical ionization mass spectrometry. The least

understood step in this sequence is the metal insertion

process, yet it appears to be the dominant factor

affecting product distributions.“3 To better understand

the insertion process, a specific ordering of the

preference of H'" (M - Fe+. 00+, 81*) for insertion into

the C-C bonds of linear alkanes up to and including

fidecane will be determined. To achieve this end. first

other attempts which have been made to rationalize

product distributions will be presented. Next, a

procedure for establishing an ordering of the preference

of M" for C-C bonds in alkanes will be presented followed

by that ordering. Finally, an explanation of the factors

which render certain C-C bonds in nonpolar alkanes more

susceptible to metal ion attack than others will be

provided.

51
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Several attempts have been made to explain why some

products are formed in greater abundance than others.

Most of these explanations have focused on the various

thermochemical aspects of the mechanism. Before going

into these thermochemical aspects. one must be aware that

evidence indicative of random or nonselective metal

insertion is never observed.57 If insertion were

predominantly a random process, then for the reaction of

00* with butane, products arising from intermediate ‘1

would outnumber products arising. from intermediate 3

Co+ + cn3cnzcszc113 [1 H3C'CO‘+-CHZCH2CH3 —» pdts (6)

cnacs;-c6" -CH2ca3 Pdts (7)

by a frequency of two to one. However. recall from

Chapter 3. that the majority of the products observed in

the reaction of 00+ and butane are attributed to

intermediate 2 and not 2;. Product distributions‘

' . indicative of a random trend have never been observed for

alkanes or for any other class of compounds.

In terms of the thermochemistry involved in these gas

phase reactions. one might expect the stability of the

final products to be the dominant factor in determining

product distributions. In the reaction of 60+ and

butane. this stability can be assessed upon consideration

of the energies involved in the organic decomposition of
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butane and the metal-ligand bond strengths in the

products. The energies required for the necessary

organic decompositions are shown here:82

AH kcal/mol

n-Chfilo CH1, + C3116 17.2 (27)

R2114 + C2116 22.4 (28)

Unfortunately. the necessary metal-ligand bond strengths

have not been determined experimentally. However, we can

apply the correlation5 between metal ligand bond

strengths and the proton affinities83 of the ligands.

The proton affinity of propene is 185 kcallmol; The

proton affinity of ethylene is 164 kcallmol. Thus. since

less energy is required to form propene from butane than

ethylene from butane. and because the resulting

Co+-propene bond is stronger than the CoT-ethylene bond

(based on the proton affinities) one might expect that

-.reaction (6) would be favored over reaction (7).

However. as we have seen earlier. the experimental

results indicate that the products of reaction (7) are

formed in a greater abundance than those of reaction (6).

Thus. this analysis, as well as similar analyses for many

other reactions. shows that the final product stabilities

for these thermoneutral/exothermic reactions do not

determine the product distributions.

Another approach used to explain product distributions

focuses on the metal insertion step. Recall that for a
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metal to successfully insert into a bond

14““ + R1112 —9 R1 41" -Rz (29)

both the energy required to cleave that bond D(R1-R2) and

the energy of the two H+-R bonds formed must be

considered. Since accurate thermodynamic information is

available only for the 15"” -CH3 bonds (M - first row

transition metal)77o78, discussions have focused on a

correlation of product distributions with the bond

strength of the C-C bond which is cleaved. A

consideration of n-butane reveals that the terminal C-C

bond strength is ~3 kcallmol greater than that for the

internal C-C bond.82 This suggests that -M'* selectively

inserts into the weakest skeletal bond of butane to yield

the largest fraction of products. However, a difference

in bond strength of only 3 kcal/mol may not be expected

to produce such a dramatic selectivity. Furthermore, in

the larger alkanes, the difference in energy of the

' . internal C-C bonds becomes negligible. Therefore, based

on this type of analysis, the trends observed for large

alkanes cannot be rationalized. Thus, no correlation

between D(R1-R2) and product distributions can be

accurately made for the metal ion/alkane reaction results

in the literature.

The thermochemistry involved in 221:}; bond breaking

and bond making has also been considered to explain the

failure of M+ to insert into terminal C-C bonds of longer

alkanes. Freiser et al. suggest that the higher energy of
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the terminal C-C bond coupled with an increase in the

metal-alkyl bond energy as the length of the alkyl chain

increases, results in selective insertion into internal

bonds in alkanes.57 They suggest that the increase in

metal-alkyl bond energies is due to "electronic

considerations".S7 ‘

We suggest here that, since the c-c bond strengths

in the n-.alkanes are all approximately equal,82 the W—R

bonds formed in reaction (29) determine which insertion

intermediates are most stable”. Based on work performed

in our laboratory along with product distributions

reported previously5o6v43v35o51157, we report here a

direct correlation between the C-C bonds of normal

alkanes preferred by N'" for insertion and the ionization

potentials (IP's), of the alkyl groups bound to 14* upon

its insertion. We suggest that this correlation (is

indicative of reactions where the most stable insertion

'- intermediate is formed preferentially.

Before a procedure for establishing an ordering of

the preference of M'" for the C-C bonds in alkanes can be

presented, both the experimentally determined product

distributions and the mechanism of interaction leading to

product formation must be known. The products (both

neutral and ionic and branching ratios obtained in the

reactions of Co(CO)+h, Ni(PF3)+n: N1<¢°>n+ and Fe(CO)+h[n

- 0.1.2] with linear and branched alkanes are presented

in Tables 2 thru 21. These branching ratios are
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81

consistent with those previously reported5-5o43o35o51v57

and represent the product distributions. Knowledge of the

mechanism allows for correlation between specific

insertion intermediates and specific products. When

mechanistic information is coupled to product

distributions, a direct relationship between product and

intermediate abundances can be established.

Consider the reaction of Co"' and heptane as an

example. Heptane is composed of three pairs of chemically

indistinguishable bonds, labelled here as a, b and c:

lb c

In the reaction of Co+ with heptane, Co+ has a choice of

inserting into three "distinct" C-C bonds: a, b and c.

Based on Scheme 4. which involves the accepted metal

insertion ls-H shift/ competitive ligand loss sequence,

and the branching ratios taken from Table 8. an ordering‘

'-of the preference of Co“' for a. b and c can ”be

determined. Thus, disregarding Hz elimination,

intermediate :2 accounts for zero per cent of the

products. 1 accounts for seventeen per cent of the

products and § accounts for seventy-two per cent of the

products, suggesting bond (c) is preferred over (b) which

is preferred over (a) by 00*.

This initial analysis has assumed that H2

elimination occurs exclusively through 00* insertion into

C-H bonds followed by the shift of a s-hydrogen (1,2



scheme 4

Co+ +WV

Intermediates

CH3-Co+-C6H13

3
N

czns-Co+-csnu

3

, . C3H7-CO+-C4H9

5
~

82
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VProducts
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COC3H6+ 4’ 041-110
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83

dehydrogenation). However, the literature reports that H2

elimination can also be induced by M'” insertion into C-C

bonds followed by the shift of mo hydrogens which are a

to the meta151v57 (1.4 dehydrogenation). Therefore. to

accurately assess the preference of M'" for the C-C bonds

of alkanes. differentiation between H2 elimination

resulting from initial insertion into C-H and into c-c

bonds must be established.

Two approaches have been used to distinguish between

1.2 and 1,4 dehydrogenation.“ These include labelling

experiments-53 and collision-induced dissociation (CID)

experiments.57 By examining the branching ratios

associated with H2. HD and D2 elimination in the

reactions of H" and strategically deuterated alkanes, the

percentage of W” insertion into each of the various C-H

and C-C bonds .should become apparent. The reactions of

specifically deuterated butane. pentane and hexanes with

. ‘ Fe+, Co‘" and 81* were studied.53 The percentages of both

1.2 and 1.4 dehydrogenation observed in these reactions

are sumarized in Table 22. For example, the results for

the reaction of Co+ with CD36H20320D3 suggest that

fifty-one percent of the H2 elimination products result

from initial insertion into the internal c-c bond and

forty-nine per cent from insertion into 04! bonds. The

results obtained for the reactions of Fe+ and 00* with

deuterated pentane and hexane are inconclusive. The

products observed in these cases can be attributed to
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either 1.2 or 1.4 dehydrogenation or both. Furthermore.

the authors note that caution must be used in

interpreting the results of these labelling experiments

due to potential deuterium isotope effects which may be

significant in all or some of the individual steps of the

mechanism. 53

Also, some products observed in the reactions of Fe+

with deuterated alkanes are indicative of the occurrence

of B~methyl shifts.53 However. these products are

representative of only a small fraction of the total

reaction products. Therefore, the ordering of the

preference of Fe+ for the C-C bonds of alkanes should be

unaffected by the occurrence of B-methyl shifts.

Jacobson and Freiser have utilized CID to probe the

structures of the ionic products formed in the

dehydrogenation reactions occurring between M'" and select

alkanes.57 Their results suggest that thirty per cent of

' - the dehydrogenation occurs via insertion into C-C bonds

and seventy per cent by insertion into C-H bonds in

alkanes for Fe+. For 00+. ninety per cent of the

dehydrogenation occurs through a 1,4 process and ten per

cent by insertion into C-H bonds. Ni" appears to insert

exclusively into C-C bonds to eliminate H2.

When dehydrogenation can result from M insertion

into more than one C-C bond of a particular alkane,

structurally different product ions of the same mass to

charge ratio may be formed. The CID results of Jacobson
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and Freiser further suggest which of the C-C bonds in

hexane and heptane are preferred for insertion by 00* or

111* in dehydrogenation reactions. For example. of the

dehydrogenation products resulting from the reaction of

Co+ with heptane, sixty-two per cent would suggest a

Co+(propene)(butene) complex and thirty-eight per cent a

Co+(ethylene)(pentene) complex.S7 These results indicate

that bond c is preferred over b for insertion by Co+ to

eliminate H2 from heptane. Reassessing the abundances of

intermediates 3,4,5 and b in Scheme 4 based on this

information. the overall ordering of the preference of

Co"’ for insertion into heptane is c )-b > a. Note

further, that according to the results in Tables 5 thru

11, as the length of the alkyl chain increases from

butane to decane, the total percentage of H2 elimination

significantly decreases. Thus consideration of H2

elimination resulting from insertion into C-C bonds in

' . determining the abundances of the various intermediates

becomes unnecessary for alkanes larger than heptane.

Using the product distributions provided in Tables 5

thru 11 in conjunction with Freiser's results for 1,4

dehydrogenation occurring in hexane and heptane,57 an

ordering of the preferred sites of Co"’ and Ni" insertion

into the C-C bonds of normal alkanes from butane to

decane is presented in Table 23. Note that the trends

observed for these two metal ions are identical.

Furthermore, an‘analysis of the product distributions
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Table 23. Preference I of Pe", Co+ and an for c-c Bond insertion

‘ , inLlneerAlkanesb

3. . .

3333.

333.93. 1

a 333.. 3.

3333. 33.

~ 33333333.

339939933.

a. Asdsterminedbythe methoddscuedln the text. mordezlfiIveI-Istmt wlth

ICR results from ow laboratory and previouly reported resul ' Ithh experimental

uncmmmmmm

b. Double circles Indicate that a different pretenses for these two bomb was observed

for the metal Ions studied. In the case of decane. Fe‘ exhibited equal preference for
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observed in the reactions of Fe" and n-CnHZnfig (n - 4-7)

previously reported in the literature52o53o57 along with

the Fe+ data.provided in Tables 9 thru 11 indicates that

Fe+ exhibits the same trends as Co+ and Ni+. In general.

terminal C-C bonds have the lowest priority for insertion

in each case.

Why are some C-C bonds in nonpolar alkanes more

susceptible to insertion than others? As we have seen.

for successful insertion to occur. the energy associated

with bond breaking (plus the promotion energy of 11*)”

must be compensated for by the energy released during

bond formation. Of these two processes. direct

correlation between C-C bond strengths in alkanes and the

preferred sites of 11+ insertion is indeterminate.

Pertinent experimental data regarding the heats of

formationof alkyl radicals which are needed to

calculate C-C bond strengths are either lacking or else

are indicative of differences which are quite small

(<Skca1)’and.may be insufficient to explain the dramatic

selectivity observed. Any correlation between the bond

making process and the ordering could be determined

through a knowledge of M+~R bond strengths. Experimental

values of these bond strengths are unavailable for R>CH3.

However, we believe they can be assessed upon

consideration of polarizabilities.
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A comparison of the experimentally determined values

of D(M+-H) and D(M‘"-CH3) reveals that M" forms a stronger

bond toca methyl group than to a hydrogen53v53- Thi'

trend is opposite to that observed for the neutral metal

species and has been explained on the basis of

polarizability. Since CH3 is more polarizable than H,

CH3 can better stabilize the positive charge on the metal

and in doing so forms a stronger bond to the metal ion.

Building on this example. the polarizability of an alkyl

group (CnH2n41) would be expected to increase as n gets

larger. We suggest that an increase in polarizability

parallels an increase in D(M‘"—CnH2n+1).

Unfortunately, experimentally determined alkyl group

polarizabilities are not available. However, ionization

potentials. which in part reflect polarizabilities, are

available. In general, the smaller the IP. the larger the

polarizability. Table 24 lists the IP's of CnH2n+1 from‘

'.n - 4 to n - 10. Note that the IP's decrease as n

increases. Therefore, we suggest that the polarizability

increases leading to an increase in D(M"’ —CnH2n+1) as n

gets larger. This is apparently true for D°(Hg+-R),

D'(Cl+--R) and D°(no+—R) as 1: shown in Table 24. As

IP(CnH2n+1) decreases. each of these bond strengths

increases. (This does not appear to be the case for the

analogous neutral species).9 Furthermore, as IP(CnH2n+1)

decreases. the HOMO(CnH2n+1) -LUMO(M"') gap may decrease
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thus facilitating bonding.96

Upon consideration of the bond making process,

direct correlation is found between the sum of the IP's

of the alkyl groups bound to if" after insertion and the

ordering of the preference of M+ for the C-C bonds of

alkanes. Figure 4 graphically illustrates this

correlation. Note that within the experimental error of

the thermodynamic information available. the preference

of attack is largest when the sum of the corresponding

alkyl IP's is lowest. Priority decreases as the sum of

the IP's increases. 'For example in heptane. the sums of

the IP's associated with the alkyl groups involved in the

various intermediates can be ranked.as follows:

[IP(Cfia)+IP(CoH13)l>[IP(Czfisl+IP(CsH11)

> 1 IP(0311-, )+IP('CI.H9) 1

Based on the experimental results, the smallest sum is

associated with intermediate 0 which accounts for the‘

- ' majority of the products. Thus. the third C-C bond in

heptane. designated as c. is given a priority of attack

of Q. The largest sum corresponds to A which accounts

for the smallest number of products. Therefore. the

terminal C-C bond in heptane is given a priority of @in

Figure 4. This correlation suggests that when more than

one metal insertion intermediate of the type R-W—R' is

possible, the one in which the M+—-R bonds are strongest

is formed preferentially. We believe that the
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Figure4. Correlation between priority of attack and the radical ionization potential

sums. The C-C bond for which insertion by M” M 8 Fe, Co, Ni) occurs

to the greatest extent is given a priority of . The bond next most

favored is priority ® , etc. When a C-C bond is cleaved, two alkyl

radicals are formed. The sum of the ionization potentials of these two

radicals correlates with the extent to which M" inserts into that bond.

The correlation is shown for butane (.1. pentane (O). hexane (I).

heptane (D), octane (A), nonane ( A) and decane ( G).
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distribution of insertion intermediates reflects their

relative stabilities. For heptane, then, we suggest that

Q is favored over B which is favored over 4 because:

[D°(M+-C3H7) 4' D°(C3H7M+-C4H9)l > [D°(M+-C2H5) 4' D°(C2H5M+'C5H11)l

>[D’(M+-CH3) + D°(CH3M+-C5H13)l

A slight discrepancy is seen in the trend observed

for decane in Figure 4. The insertion intermediate

involving the lowest sum of IP's is ranked third

(priority III) in preference: This discrepancy can be

understood on the basis of the uncertainty associated

with the experimental values of the alkyl group IP's.

This uncertainty causes overlap in the values of the sums

of the IP's associated with the three most preferred C-C

bonds in decane by 14*. Furthermore, as the number of

carbons in the alkyl chain increases, the difference in

the IP of (CnH2n41) and (Cn+1iiz(n+1)+1) decreases until:

’ . it eventually becomes negligible. Thus, it would appear

that, as in the case of D°(Cl+-R), the difference in bond

strengths. [D°(M*—Cnfizn+1) -D'(M+-C(n+1)H2(n+1)+1)l.

should also decrease with increasing n. Thus, metal

ion-alkyl bond strengths would be expected to converge

when n is sufficiently large. This convergence would

contribute further to overlap in the sums of the IP's as

the chain length of the alkyl groups bound to M+ get

larger. Perhaps then decane marks the transition where
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direct correlation between the sum of the IP's and

priority of attack cannot be established.

Using this model, the fact that M+ rarely inserts

into terminal C-C bond353o57 can be explained on the

basis of the relatively high IP of the methyl radical

which in turn suggests that the M‘*-CH3 bond may be the

weakest of the Fri-alkyl bonds. Also, it must be noted

that this_model does not appear to hold for the reactions

of transition metal ions and polar molecules (RX). The

functional group, (X), in polar molecules may have a

strong effect in "directing" the.site of attack of the

metal ion to certain skeletal bonds which would not be

attacked in the corresponding alkanes,(Rl-i).19

Two major problems arise when one attempts to apply

this type of analysis to branched alkanes. First, a

significant number of IP's of the radicals associated

with branched alkanes are not available. Secondly, due

'. to the presence of the branched sites, metal ion

insertion into several chemically nonequivalent C-C bonds

can result in the loss of the same small neutral

molecule. For example, in the reaction of M"' with

2,3,4-trimethylpentane, there are two insertion

intermediates which could be responsible for the

observed methane elimination. Reactions (30) and (31)

illustrate this point.
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H C"+

'1 I i 3 4

011311

+ _

(30)

‘° WK 3 ,,
' ‘ems-g—f—Sfl—a—mz; —-> io'jr‘t 014

l

(31)

 

H fo‘ I1.

CH3

Both of the ionic products in reactions (30) and (31)

correspond to an m/z - 157 and therefore cannot be

distinguished in the mass spectrum. Due to complications

such as these, a similar analysis for branched alkanes’

. ' will not be attempted.

Finally, we realize that there may be other

explanations for the observed correlation. We believe

that the distribution of observed products reflects the

distribution of intermediates which are formed "early" in

the reaction. This prompts us to ask how the initial

distribution of insertion intermediates is established.

There are at least two possibilities. Perhaps rapid

insertion!"deinsertion" occurs. allowing the metal ion to
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"sample" all possibilities. A second explanation may

involve the formation of the most stable ion-alkane

complexes. Thus, for butane, consider intermediates 2

and 8.

Co” 90*

c°H3—c112-c112-cn3 carom-carom

7 3
~ ~

A consideration of alkyl polarizabilities may predict

that 8 is more stable than 7. Therefore, the

distribution of initial complex structures may determine

which bonds are attacked, rather than the stabilities of

the insertion intermediates which follow.



Chapter 7

Ligand Effects

Several studies have appeared in the literature yielding

useful insights into the reactions of bare (+1) metal ions

and alkanes. As discussed in Chapter 6, product formation in

these gas phase reactions can be rationalized by a mechanism

involving the metal insertion.ls~H shift/ competitive ligand

loss mechanistic sequence. Furthermore metal insertion into

the C-C bonds of alkanes was shown to be favored by Fe+, Co+,

and Ni+ over insertion into C-H bonds.

In condensed phases, organometallic chemistry involves

metal complexes.36v37v97’103 Ligands such as CO, NO and PF3

are frequently utilized in these metal complexes and serve as

important ligands in organometallic chemistry.104 Therefore,

'.it would be useful to investigate the changes which occur in

the chemistry of Fe+, Co+ and Ni+ with alkanes when one or

two of these ligands are bound to the metal, and compare this

chemistry to that observed for organometallic complexes in

condensed phases. Thus, in this chapter, the chemistry of

Fe(CO)n+, 00(c0)n+, CoNO+, Ni(CO)n+, and Ni<Pr3)n+ [n .. 1,2]

with a series of linear and branched alkanes will be

examined. The products and branching ratios associated with

these reactions are summarized in Tables 2 through 21. These

results will be compared to those observed for the bare metal

97
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ions. Parallels to solution chemistry will be discussed.

With the addition of ligands to the metal, several

different types of reactions are observed depending upon the

number and nature of the ligands. FeCO+,CoCO+ and NiPF3+ all

react with alkanes to form some of the same products as the

corresponding bare metal ion. In this case, the addition of

a ligand has no apparent effect on the reactivity of the

metal. We refer to this situation as one where the ligand

acts as a spectator. For example, both Co“' and CoCO"’ react

with 2-methylbutane to form CngH5+:

Co+ + A/ -b CoC3H6+ + CZH6 (32)

0000+ + /1\/'-00003H6+ + 02H6 + CO I (33)

In contrast to this is the CoNO+ ion which is totally

unreactive. The presence of the nitrosyl ligand apparently

deactivates the metal ion. In addition, FeCO+, CoCO+, NiCO+

and NiPF3+ all react with alkanes to form "ligand

substitution" products. This process is illustrated for

. 'NiPF3+ and 2-methylbutane in reaction (3‘1).

NiPF3+ +1,» N105H12+ + 913 (34)

A metal ion complex containing two ligands only reacts with

alkanes to form "ligand substitution" products in which one

or both ligands are lost. For hexane and Ni(CO)2+, reactions

(35) and (36) are observed.

Ni(CO)2+ um Emcocéula‘t + 00 (35)

N1C6H14+ + 200 (35)
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Thus, in general ML+ reacts to form many of the same products

as M4”; both 1115* and ML2+ are involved in ligand substitution

reactions.

There are several considerations which must be taken into

.account in order to evaluate any ligand effects which may be

associated with these reactions. First, it would be useful

to know at which point in the mechanism the ligand is lost in

these reactions. Assuming that the same mechanism operative

for 11* also applies to ML+, Scheme 5 illustrates a potential

series of reactions occurring between CoCO+ and hexane. Note

that there are at least four different points in.Scheme S

where CO could be lost. Furthermore, it is evident from

Scheme 5 that the structure of the ligand substitution

product depends upon where in the overall reaction sequence

the CO is lost. Thus, if there was sufficient energy

associated. with intermediate .3” the initially’ formed

CoCO(alkane)‘+ complex, simple ligand substitution could

' occur. In this case the structure of complex $2, the

ligand substitution product would involve a Co+ and an intact

hexane molecule. Alternatively, if it is energetically

feasible, CoCO+ could insert into a C-C bond of hexane to

form an intermediate such as AI}. In this case, loss of CO

could occur either before _the alkane has a chance to

rearrange on the metal center (intermediate,§§) or after

alkane rearrangement (intermediates i3 and \J’Z)- Note

that if there is any excess energy present in these ligand

substitution products, they may form products which are
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identical to those observed for Co+ alone. These processes

would account for the spectator type reactions observed for

CoCO+ and hexane. Before correlating the branching ratios

for CoCO+ with intermediates as we did with Co‘" in Chapter 6,

it is necessary to determine whether

the ligand substitution

product is best represented by a complex such as A9

(M"’-RR') or by an insertion complex such as )5 (R-W-R').

Note that previous studies in the area of gas phase

organometallic chemistry have concentrated heavily on the

reactions of metal and metal containing ions with polar

organic molecules such as isopropyl ch10ride. It has been

determined, that Co+ reacts with isopropyl chloride to form

an intermediate in which propene and HCl compete as ligands

on the metal: 1

7 c3+ >—c1—-2—c6—c1—-/l]--c'o*-c1—-— /l[—--Co*---cm

H H 18
~

J—-Co‘--—CIH -'--> Ju-cd +1161

18 ' '
‘V

Following its formation, Intermediate 2'3 loses HCl to form

the final product. It has been noted in these reactions that

when two ligands such as 1101 and propene compete as ligands

on the metal, the ligand with the largest proton affinity

(PA) is preferentially retained on the metal. According to



102

the PA rules, the larger the PA of a ligand, the better its

electron donating ability. Thus, since M+ is election

deficient, it retains the ligands which are the best bases in

these reactions. Since the PA of HCl is less than that of

propene, HCl is lost in the above reaction. Furthermore, the

PA rule also applies to the ligand.substitution reactions

observed fOr these polar organic molecules. Thus when COCO+

reacts with a polar organic molecule such as methyl iodide

Coco+ + 01131 —-1 Co+coc1131 —-1 Co+cs31 + co

CH3I and CO compete as ligands on the metal. Since the PA of

0331 11 approximately 171 kcallmol and that of CO is 142

kcal/m0133, CO is preferentially lost in this reaction to

form the ligand substitution product.

Apparent ligand substitution products are also observed in

the reactions of metal-containing ions and alkanes. The

following reaction is observed for methane:

0000+ + 3114 —1 Com-14+ + co

--However, the PA of methane is only 132 kcal/mol which is°less

than the PA of CO. Therefore, the observed loss of CO in

this reaction is in violation of the PA rule. This would

suggest that either the PA rule does not apply to the

‘reactions of metal-containing ions and alkanes or the ligand"

substitution product formed in the above reaction with

methane does not involve an intact alkane molecule. If the

latter were the case, the general process presented in

reaction (37) would illustrate the apparent ligand
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substitution process occurring for alkanes, where the final

product involves a metal ion bound to two alkyl ligands or in

the case of CH4, the product would be (HCo+CH3).

/co

Coco+ + 113' —-1 c6” —. Co+-R' + 00 (37)

I \

R 11' a

To evaluate the feasibility of the formation of a metal

ion-intact alkane complex such as 38 in Scheme 5. the first

part of this discussion will examine the energy associated

with the interaction of a positively charged metal ion and a

polarizable alkane. Next, a comparison of the chemistry of M‘"

and 111+ with alkanes will be made; their "reactivities" will

be compared and contrasted. (Note that reactivity is

frequently defined in such studies by the ggmbgg of different

products which are formed, since this is generally indicative

of the number of bonds into which a given metal will insert

in an organic molecule). Product distributions will‘ be

-evaluated to determine whether the observed ordering of

preference of ML+ for the C-C bonds of alkanes parallels that

observed for 11*. Differences in this ordering will be

assessed in terms of both steric effects and the bond

strengths associated with the ligands on the metal. Obvious'

steric effects may provide evidence supporting the existence

of a metal ion complex such as ,13, in Scheme 5. For

example, if the ML" insertion complexes involving the least

amount of steric hindrance are formed preferentially, then

the number of bonds into which ML+ inserts may be limited.
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Under these circumstances, the reactivity of ML+ would be

expected to be different than that observed for M+. In

comparison, one would expect any steric effects associated

with the formation of a complex such as .13 to be less

significant than those associated with the ML+ insertion

complex (’13) since L is lost before the insertion step.

Finally, parallels between the gas phase chemistry observed

and solution chemistry will be made.

ALKANE POLARIZABILITIES

If the energy released during-the initial interaction of a

positively charged metal ion (ML"’) and a polarizable alkane

is greater than the M+-L bond strength, then the formation of

a metal ion-intact alkane is feasible and reactions such as

Coco+ + c6111), —1 Co c61114+ + co

can be considered to be ligand substitutions. To calculate

this energy, alkane polarizabilities must be known.

'.Therefore, methods of obtaining alkane polarizabilities

followed by the energy 'calculations based on these

polarizabilities will now be presented. (Note that we are

assuming here that the presence of L on 11* does not alter the

charge on 11+. Thus we are assuming that the energy"

associated with the interaction between ML+ and the alkane is

the same as that for 11+ and an alkane).
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Empirical methods have been established for calculating

average molecular polarizabilities)”,106 The values of the

alkane polarizabilities, s, which are utilized in this study

can be calculated using equation (14) which was formulated by

Miller and Savchik. 105

was]

N in this equation equals the number of electrons in the

molecule and ‘A represents the atomic hybrid component (ahc) .'

of polarizability for each atom, A, in the molecule. .Each'

atom in the molecule is represented by one value of Q; in

equation (14). These values have been determined by Miller

and Savchik and are provided in reference 105. The value of 7:

coinciding with a particular atom depends upon the

hybridization of that atom. For example, there are three

different values of 1A for carbon because carbon can be

either sp3,sp2 or sp hybridized.
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The polarizabilities calculated from equation (14) have

been found to be within one per cent of the experimentally

determined values for most alkanes.105 Therefore, the

advantages of using this method lie in its simplicity ---only

a few parameters are necessary, and in its accuracy. However,

one of the major shortcomings of this approach lies in the

fact that TA does not depend on the atoms which are bonded to

.A. As a result, the polarizabilities calculated for isomers

such as pentane and neopentane are identical. For the purpose

Iof this discussion, the values calculated for o are taken to

be the average molecular polarizablities of the linear

alkanes.105 These values are listed in Table 25.

The potential, U, associated with a positively charged ion

separated from a polarizable alkane by a distance of r can

now be calculated using equation (15) where 23 is the charge

U(r): _a2 6 <15)

of the ion. (Note that equation (15) is valid for r>> radius

of the molecule).107 For simplicity, let us first assume

that we are calculating the potential energy of a point

charge separated from a spherically symmetric polarizable
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point by distances between 1 and 10 angstroms. The results of

these energy calculations are tabulated in Table 25 along

with the' polarizabilities. It is apparent from the average

molecular polarizabilities that, the larger the alkane, the

greater the polarizability. Furthermore, it is evident from

U(r) that these ion/molecule interactions fall off rapidly

with distance and thus cannot be considered long range.

However, at distances less than 34, interaction energies

greater than 100 kcallmol are calculated for alkanes larger

than butane.

Table 26 lists the M+-L bond strengths which have been

reported in the literature. (Note based: on the available

heats of formation reported for Ni+, Ni-CO+ and CO, D(Ni+-CO)

was calculated to be only 6.6 kcallmol. This seems

unreasonably low compared to the bond dissociation energies

of the other metal carbonyls presented in Table 26 which were

determined experimentally. Nonetheless, this value is

' included in the Table. Furthermore, the trends reported 77

for D(M"’—-CH3) and D(M+-H) [where 11+ - 1.3+, Co+, 111+] would

suggest that

[D(Fe+-CO)] > [D(Co+-CO)] > [D(Ni+-CO)]

[Trends for M+-H may not be relevant to M+—CO depending on

the nature of the M+-CO bonding which is currently not well

understood]. Therefore, D(Ni+-CO) is probably less than 40

but greater than 6.6 kcallmol]. The information provided in

Figure 5, which graphically illustrates the information

contained in Tables 25 and 26, suggests that at least one CO



109

Table 26. M‘"-L Bond Strengths

 

M - L . Bond Strengthfltcaljmgl)

Fe+-CO ' 163a '

Co"'-co 40"

Ni+-CO 6.6c

Ni+-PF 75‘1

a. Taken from Ref. 29

b. Taken from Ref. 108

c. Taken from Ref. 82

d. Taken from Ref. 109
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or PF3 ligand on 14"” can be displaced by any alkane larger

than propane at distances of separation of approximately 2A.

Unfortunately,the above analysis involves two major

oversimplifications. First, an ion is not a dimensionless

point charge. It has a radius which will limit its minimum

distance of separation from an alkane. For example, the

radius of Co+ is approximately 0.74110 and that of hydrogen

is at least 0.54.111 The sum of these radii would suggest

that the minimum distance possible between Co"’ and a hydrogen

atom in an alkane is ~l.ZA.- Therefore, the energies

calculated for separations of 14 in Table 25 have little

physical significance. Furthermore, alkanes larger than

methane cannot realistically be represented as symmetrical

polarizable spheres. Each alkane has a specific geometry

associated with its lowest energy configuration. If we

consider these geometries in three dimensional space, it is

apparent that the distance between a "fixed" charge and ‘the

"_various portions of the alkane molecule cannot be represented

by a single value. That is, a charge situated 2A away from a

hydrogen located on a terminal carbon in hexane will be more

than 24 away from the terminal carbon on the other end of the

molecule. Therefore, to more realistically assess the energy

involved in the interaction of an ion and an alkane, we need

to evaluate the average molecular polarizability as a series

of components, where each component represents the

polarizability of a certain portion of the molecule. Then,

the individual interactions of the charge with the various
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polarizable parts of the molecule located at various

distances from the charge can be calculated.

One method making this possible involves the calculation

of the average molecular polarizability as a function of bond

polarizabilities.106 According to this method, each bond in

the molecule has a specific polarizability associated with

it. The polarizability of the bond in the direction

perpendicular to the bond differs from the polarizability in

the direction parallel to the bond. The parallel component

of polarizability is represented by the symbol ch.. 01

represents the . perpendicular component of bond

polarizability. an and 01 have. been reported by Denbigh for

various bonds.112 For example, 01.. for the C-C bond equals

1.13cm3/mol and.oi equals l.20xlO"2 cm3/mol. If an electric

field makes an angle 9 with a chemical bond, the

polarizability of the bond, 09, can be calculated using

equation (17).

2 .

a, = GHCOS 9 'l- a‘Slnzo (17)

Averaging a. over all orientations leads to an average value

of the bond polarizability, o:
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a: 1(au +204.) (18)

3

The average polarizability of the molecule is then taken as

the sum of the average polarizabilities of its bonds. Note

that the average polarizabilities obtained using this

method1132 are in agreement with those calculated using

equation (14).

One of the limitations of this method lies in.the fact

i that it cannot be applied successfully to molecules involving

resonance structures.

In the simplest application of this method, one can first

imagine a molecule in three dimensional space and assign to

each atom in the molecule three coordinates. Second, one can

define the location of a charge, placed near the molecule, by

three coordinates. Third, one can calculate the angle 9

established by the field lines associated with the charge and

the center of the polarizable bond. Once these angles are

known, equation (17) can be used to calculate 0.. Fourth, one
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can calculate the various distances between the "fixed"

charge and the various bonds of the molecule. These

distances can be used in equation (15) along with the

respective a.'s to calculate the specific U(r) associated

with the charge and a particular bond. Finally, the sum of

all of the U(r)'s can be obtained. This sum represents the

total energy of interaction associated with that particular

molecular configuration and charge location.

It is evident from the number of variables which must be

defined in order to perform this calculation, that the larger

the alkane, the more potentially complex this analysis. It

was not within the scope of this study to perform exhaustive

calculations. Rather, we wish to determine whether it is

feasible for an intact alkane to displace a CO or PF3 ligand

from a metal ion. Thus, calculations were performed for

various configurations of butane. Each alkane larger than

butane consists of at least one "butane unit" plus additidnal

' C-C bonds. Thus, if the calculations reveal that it is

theoretically possible for butane to displace L,then it will

be assumed that alkanes larger than butane can also displace

L. H

The calculations were carried out assuming a "boat"

configuration for butane. (Note that the "chair"

configuration of butane actually corresponds to a lower

energy configuration. However, we assumed that the energy

barrier to rotation about the central C-C bond separating

the "chair" from the "boat" configuration was approximately 3
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kcallmol. In using the chair configuration we were able to

maximize the number of interactions between the charge and

the six terminal C-H bonds of butane). According to Figure 6,

the skeletal chain of butane is situated in the plane of the

page. Furthermore, A, B, C and D represent four different

locations in the plane of the paper where the positive charge

can be placed. As a reference, the field lines set up by the

charge at either location A, B, or C will make a 90’ angle

with the C-C bond directly in "front" of the charge. The

field lines set up by the charge at point D will make a 0"

angle to the C-C bond "below" it. The arrows in Figure 6

point to these respective C-C bonds. Each carbon and hydrogen

atom is numbered for future reference. Calculations of U(r)

were carried out for "arrow lengths" of l or ZA. All other

distances and angles were measured relative to these

separations of 1 and ZA. For example, Figure 7 shows all of

the angle and distance measurements pertinent to the

. calculation of U(r) for a charge located at point B, 2A away

from the internal C-C bond. (Recall that in actuality

separations of 14 are physically impossible based on atomic

and ionic radii. However, these calculations at short

distances should serve as a gauge of interaction, i.e., if

the energies calculated for these short distances are less

than D(M+-L), then at longer distances there is no chance of

an intact alkane displacing L). A breakdown of the energy of

interaction between a charge located at either position A, B,

C or D and the individual C-C and C-H bonds in butane is

provided in Tables 27 and 28 for "arrow lengths" of l and 23.
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Figure 6. Relationship between Charge Location

and C-C Bonds of Butane
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Figure 7. Angle and Distance Measurements

For Charge Located at B
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Thus, if a charge is located at point B in Figure 7, its

energy of. interaction with either the C1-Cz or C3-C4 bonds of

butane, according to Table 27 is -l3.l kcallmol. However, its

overall energy of interaction with all of the C-C and C-H

bonds of butane is -124 Kcal/mol. It is evident from Tables

27 and 28 that the overall energies calculated at short

distances are greater than the M+-L bond strengths provided

in Table 26. However, once the charge is moved back an

additional Angstrom, only one out of the four locations, B,

provides for an interaction energy (124 kcallmol) which is

greater than the M+-L bond strengths indicated in'Table 26.

In general, a consideration of the energies associated with

the interaction of MT and the individual C-C and C-H bonds in

Tables 27 and 28 reveals that the strongest interactions

occur with the C-H bonds which are located closest to the

charge.

In terms of the chemistry which is observed for butane,

perhaps those bonds which experience the strongest

interactions with M+ are weakened in the process thus

facilitating their cleavage. Since C-C bonds are lower in

energy than C-H bonds, let us consider the energy of

interaction associated with the C-C bonds in butane using

the values in Table 27. There are various approaches which

could place- the metal ion near the terminal or internal C-C

bonds of butane. A, B, C and D represent these various

approaches. The strongest interaction when the ion is
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- U(r) kcallmol

For “Arrow Length" of IA

Bond by Bond Breakdown of U(r)

 

 

 

BOND A B C D

01-02 3.3 4.6 18.9 0.2

Cz-C3 19.0 3.3 3.3 1.5

C3-C4 0.8 4.6 18.9 33.2

01-111 72.4 10.5 '1.3 0.9

Cl-H2 21.6 15.9 1.3 0.9

Cl-H3 21.6 15.9 1.3 0.9

C2-84 21.6 18.7 28.0 0.6

Cz-H5 21.6 18.7 28.0 0.6

C3-H6 1.4 18.7 28.0 1.7

03-117 1.4 18.7 28.0 1.7

C4-H8 0.6 10.5 1.3 120.7

Ca-H9 0.6 15.9 1.3 120.7

C4-H10 0.6 15.9 1.3 120.7

Total U(r) 186.5 172 160.9 404.3
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- U(r) kcallmol

Bond by Bond Breakdown of U(r)

For “Arrow Length“ of 23

 

 

noun A s c D

01-c2 0.2 13.1 2.3 0.2

c2-c3 4.6 0.2 0.2 0.5

c3-04 0.3 13.1 2.3 5.4

cl-H1 13.1 ‘9.9 0.5 0.4

01-32 43.8 15.8 0.5 0.4

01-33 3.3 15.8 0.5 0.4

cz-s4 3.3 3.6 3.2 0.2

CZ-Hs 3.3 3.6 3.2 0.2

c3-a6 0.5 3.6 3.2 0.6

03-37 0.5 3.6 3.2 0.6

04-118 0.2 9.9 0.5 7.3

C4-H9 0.2 15.3 0.5 7.3

04-310 0.2 15.3 0.5 7.3

Total U(r) 35 124 20.6 32.3



121

located at point A occurs with the C2-C3 bond. Weakening of

this bond may result in the formation of the [C2H5-m-C2H5]

insertion intermediate. This intermediate leads to ethane

(or H2) elimination in butane. When the ion is located at

point B, there are no significant interactions with any of

the C-C bonds. However, the ion interacts strongly with both

the C1-C2 and C3-C4 bonds when located at point C. This

interaction with both terminal bonds may cause a subsequent

weakening in the Cz-C3 bond leading to the formation of an

insertion intermediate which again can be represented as

[C2H5-M+-C2H5]. 'Finally,the'strongest interaction that

occurs with a C-C bond when a charge is located at point D

occurs with the C3-C4 bond. Weakening of this bond may

result in the formation of the [C3H7—M+-CH3] insertion

intermediate which can subsequently undergo a B-H shift and

eliminate methane. However, at location D there is an even

greater interaction between the charge and the three terminal

I C-H bonds closest to it. This interaction may facilitate the

formation of an intermediate such as [C4H9-M+-H] which could

undergo H2 elimination.

Since D(C-H) is larger than D(C-C), a larger energy of

interaction may be necessary to break the stronger C-H bond.

Finally, we can use Table 27 to obtain the sums of the

energies of interaction between the charge and all three of

the C-C bonds in butane for a particular charge location.

These results are summarized in Table 29. For example, when

located at point A, the total energy of interaction between
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Table 29. Sum of the Energies of Interaction Between

a Charge and the three C-C Bonds of Butane

Total Energy of Interaction Between

  

Location Charge and C-C Bonds (kcallmol)!

A . 23.1

B ‘ . 12.5

C 41.1

D . 34.9

a. Based on values in Table 27.
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the charge and the three C-C bonds of butane is 23.1

kcallmol. A comparison of these sums reveals that location C

provides'for the largest energy of interaction. Recall that

the insertion intermediate proposed earlier for this

interaction was [C2H5-M+-C2H5]. From Table 23 in chapter 6,

the C-C bond most preferred by M" for insertion into butane

is the internal 02-03 bond. Location D provides for the next

largest energy of interaction. The insertion intermediate

proposed for this interaction is [C3H7-M+-CH3]. According to

Table 23, the 01-02 bond in butane was the next most

preferred bond by M+ for insertion. The interaction at point

A is weaker than that at point D.' Furthermore, location B

provides for the weakest energy of interaction between the

charge and the three C-C bonds of butane. Interestingly,

these results suggest that there is a correlation between the

bonds most preferred by M+ for insertion (as presented in

Table 23) and their energies of interaction.

Overall, these energy calculations, which take into

account the size of the metal ion and the alkane molecule

geometry, do suggest that it is feasible for an intact alkane

larger than propane to complex with a metal ion and displace

at least one CO or PF3 ligand.

In addition to polarizability calculations, we note that

the electron density associated with the carbon and hydrogen

atoms of alkanes can be partitioned into charges on these

atoms.113 Therefore, we must also assess the significance of

the interaction between the charges of the atoms of the
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alkane (dipolar bonds) and the charge of the metal ion since

ion-dipole interactions are longer range than ion-induced

dipole interactions and could be of relatively high energy.

Equation (19) can be used to calculate the potential energy,

U(r),between two charges separated by a distance, r (where

U(r) - z 2 82
I 2

I"

21 is the charge of the carbon or hydrogen atom and 22 is the

charge of the metal atom). Values for the atomic charges

associated with a select set of alkanes can be found in the

literature.113 These values are derived from ab initio

calculations. A description of the methodology behind these

ab initio calculations is beyond the scope of this discussion

and will not be presented here. For our purposes, it is

necessary to know that the atomic charge of a primary

hydrogen in butane is -32.4 millielectrons (me) [1me - 10'3

electron] that of a primary carbon is +89.2 me, that of a

secondary carbon is 84.8 me and that of a secondary H is

-38.4 me.113 Using these values in equation (19), we can

determine that the potential energy between a (+1) metal ion

located at point B in Figure 7 and butane is 20.6 kcallmol.

The individual interaction energies between 11'“ and the C and
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H atoms of butane under these circumstances are presented in

Table 30. The overall energy here represents a repulsive

interaction in contrast to the polarizability results.

Therefore, this model predicts that the approximate

interaction energy of M+ and butane in Figure 7 is 103.4

‘kcal/mol. Since 103.4 kcallmol is greater than the M+-L bond

strengths in Table 26,it is still feasible for an alkane

larger than propane to displace L while remaining intact.

Further evidence in support of the significance of alkane

polarizabilities in these gas phase reactions can be found in

the reactions of alkanes with.ML2+.. Theoretically, iflko

is sufficiently large, an intact alkane will be capable of

displacing more than one ligand on the metal ion. Note, as

the length of the alkyl chain increases, ligand substitution

patterns for ML2+ change. Thus, alkanes larger than heptane

always displace two L's. Alkanes smaller than hexane only

displace one L. These results are presented graphically in

' Figure 8. For example, pentane reacts with Co(CO)2+ and

displaces only one carbonyl ligand.

Co(C0)2+ + Pentane -—9 COCOC5H12+ 4 CO

Apparently, the energy obtained in the interaction of pentane

and Co+-(CO)2 is only large enough to cleave one Co+-CO bond.

IHowever, when hexane reacts with Co(CO)2+, either one or two

of the carbonyls are displaced.

CO(C0)Z+ + Hexane ‘[: COCOC6H14+ + CO

CoC6H14+ + zco

Furthermore, when alkanes larger than hexane react with
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Table 30. Interaction Energy Between M+

and the Carbon and Hydrogen atoms of Butane

 
 

ATOM U(r) kcallmol

CI 21.1

C2 13.2

.C3 13.2

C4 . 21.1

Bl -4.4

Hz -5.1

H3 -5.1

H4 -4.7

H5 -4.7

H6 -4.7

H7 -4.7

H8 -4.4

H9 -5.1

BIO -5.1
 

Total U(r) - 20.6
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Co(CO)2+, loss of both carbonyls is observed.

Co(00)2+ + Heptane -1 CoC7H16+ + 200

Co(00)2+ + Octane —-1 0oc31113+ + 200

These results suggest that the greater polarizability of a

larger alkane allows for a stronger interaction with M+,

resulting in a release of energy capable of breaking both

Co+-CO bonds. (Recall from Table 25 and Figure 5 that the

average molecular polarizabilities of linear alkanes do

increase as the alkyl chain length increases thus

substantiating the above claim). Also, recent work reported

by Larsen and Ridge suggests that the structure of the ligand

substitution product formed in reaction (3%)

Fe(CO)2+ + Butane --)FeC5H100+ + CO (3%)

involves a Fe+y CO and an 13529; butane molecule. The major

peaks they observed in the collision induced decomposition

spectrum of FeC5HloO+ correspond to Fe+,FeCO+ and FeC4H10+.68

Thus, their results also suggest that an intact alkane‘can

displace a ligand on the metal.

Metal ions containing more than two ligands are found to

be totally unreactive in terms of cleaving bonds in the

alkane. Perhaps the presence of three or more ligands on the

metal center prohibits the metal center from getting

sufficiently close to the alkane. Under these circumstances,

the metal center and the alkane have no opportunity to

interact. Note that similar reasoning has been used to

explain the lack of reactivity observed for Fe(CO)n+ [n =

3-5] and lZ-crown-4.6o In this case, Fe+, FeCO+ and Fe(CO)2+
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react with lZ-crown-4 to form.products whereas Fe(CO)n+ [n =

3-5] does not.

COMPARISON OF THE REACTIVITY OF 11+ AND 11L+

Now that we have determined that it is possible for an

alkane to displace a CO or PT3 ligand before metal ion

insertion, let us compare the reactivity of M+ andlflfi'in

terms of the number of different products which are formed by

each metal species. to determine any steric effects which may

be indicative of limited ML+ insErtion into alkanes. An

inspection of Tables 4 through 21 reveals that the reactivity

of ML+ is less than that of M". However, in the reactions

where M‘" and ML+ are precursors to the same product ions, it

can be shown that ML+ and MT exhibit the same preferences for

the C-C bonds of alkanes using the same type of analysis

presented in Chapter 6. Thus, Table 23 of chapter 6 which

- indicates the ordering of the preference of 14* for the'C-C

bonds of linear alkanes also applies to ML+. The decrease in

the reactivity of ML+ can be attributed to the fact that the

metal ion-alkane complex formed by ML+ is lower in energy

than the metal-ion alkane complex formed initially in the

reaction of M+ and an alkane by an amount equal to D(M+-L).

Thus, the data in Tables 4 through 21 further reveal that

NiPF3 is less reactive with alkanes than NiCO+. Reactions

(3?) through (42) with pentane serve to illustrate this

point.
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NICO+ + Pentane 11103116+ “’ CZHB + C0 (37)

111051110” + H2 4 CO (2.0)

10051112“ + CO (41)

+ N'C H + + PFNiPFa + Pentane -* 1 5 12 3 (42)

Thus, NiCO+ forms three products and NIPF3 is a precursor for

only one product ion. In addition, according to Table '26.

D(Ni+-PF3) is greater than D(Ni"i-CO), ‘ These results suggest

that there is a correlation between the reactivity of ML+ and

the M+-+L bond strength -- the stronger the M+L bond, the

less the reactivity of ML+ relative to M12 Therefore, the

Ni+-pentane complex formed by NiPF3+ is less energetic than

the Nit-pentane complex formed by NiCO+ which is less

energetic than the Ni+-pentane complex formed by Ni+. As a

result, the following trend in reactivities is both expected

and observed: -

Ni+ > Nico+ > NiPF3+ (43)

In general, the lack of obvious steric effects in these

reactions may indicate that insertion of ML+ into C-C bonds

is a less favored process than insertion of 14+ into alkanes

following the displacement of L by an alkane.
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STERIC EFFECTS

One interesting trend which we do attribute to steric

effects is observed in the reactions of MCO+ and alkanes.

MCO+ reacts with alkanes larger than hexane to eliminate more

H2 than M". For example, thirty-one per cent of NiCO+ reacts

with heptane to eliminate H2 whereas only nine per cent of

Ni+ reacts to eliminate H2:

97.

Ni+ + Heptane -» mow“,+ + H2 (44)

317.

Nico+ + Heptane —+ NiCyH14+ + H + co (45)

These results suggest that reactions (44) and (45) involve

two different processes for H2 elimination. We suggest that

H2 elimination in reaction (45) results from the initial

insertion of MCO+ into the terminal C-H bonds of these larger

- alkanes. This is unlike M’" which preferentially inserts into

C-C bonds. We believe that insertion into C-C bonds by MCO+

is prohibited due to steric effects. Consider the following

reaction:

A C0

1‘53 / ‘\

Mco+ + AM; -> A M* 555 ——> Products (46) 
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In this reaction SE; refers to the energy associated with

the steric effects produced by two adjacent ligands. The

energy, H insertion, required for insertion in reaction (46)

can be written as:

Hingeption = D(A-B)-[D(-M+CO-A) + [NAM +00-8)] + Es (47)

where E3 =25}; . [Note that reaction (47) involves the

energy associated with bond making, bond breaking and the

steric effects.) Based on chapter 6, if the

thermo dynamically most stable insertion intermediate is

formed in reaction (46). M+-C and ”*4! bond, strengths suggest

that insertion into C—C bonds is preferred. However, if the

steric effects (Es) associated with the C-C insertion

intermediate are more significant than E3 associated with the

C-H insertion intermediate, MCO+ may show a preference for

insertion into C-H bonds. Furthermore, insertion into a

terminal C-H bond should minimize steric effects in the

intermediate in reaction (46). Thus, for heptane, we suggest

that Ni+ insertion into C-C bonds leads to more stable

intermediates than insertion into C-H bonds. Therefore, in

terms of stability:

AHf(C3H7-Ni+-C4H9) >Anf(H-Ni+-C7H1s) (48)

This implies:

[NNi*£3H7) + moan-,Nitcwgn > [D(Ni+-H)+D(nNi+-C7H15)l
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NiCO+, on the other hand, reacts with heptane to form an

intermediate which favors increased H2 eliminations This

suggests that the formation of intermediate lg

  

is preferred over the formation of intermediate l3

re (a.
3H7-Ni

\ fl
C439

- J

implying that E5 (lg) < £5 (£3) such that

  

[D(Ni+co-H) + D<HNico+-C7H15)-Es(pl >

[n(m+co-c3n7) + D(c3H7Ni+-coc4H9)—ssqg)l

Experimentally, steric effects are assessed through bond

strengths because SE5 cannot be

determined individually. Thus, based on the results ob-

served for Ni+ and NiCO+ with heptane we can write:

[D(C3H7-Ni+-H)] > [0(07H1500N1+ -H)]

and

[1x9315Ni+ 41)] Q- [D(C7H15(n\1i+-H)]

These trends in bond strengths suggest that there is a
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greater steric effect associated with the insertion of NiCO+

into a C-C bond than into a C-H bond. Thus, we believe that

1400+ preferentially inserts into the terminal C-H bonds of

large alkanes to eliminate H2. There is only one large

alkane that NiPF3 reacts with to eliminate more H2 than Ni+.

This alkane is nonane. Thus, we suggest that insertion of

NiPF3+ into the C-H bonds of alkanes may be less favored due

to the steric effects which result when a bulky PF3 ligand is

adjacent to a bulky alkyl group on Ni+. Note that steric

effects can be correlated with an easily measured parameter

known as the cone angle 6.104 The cone angle for symmetrical

ligands is illustrated in Figure 9. 9 is defined as the apex

angle of a cylindrical cone which just touches the van der

Waals radii of the outermost atoms in the ligand. For

comparative purposes, the value of the ligand cone angle for.

PF3 is 104’, whereas 6 - 95° for 00.114 Furthermore, for H,

9 -7S°, for CH3, 6 8 90’ and for Csz, the cone angle is

‘ 102°.114

 

Figure 9. Definition of the Cone Angle
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One interesting point raised by MCO+ insertion is: why

would NCO+ insert into a C-H bond if calculations of the

average molecular polarizability and U(r) indicate that it

should be easy to displace a CO before insertion? From Table

6 it is apparent that the energy of interaction U(r), between

W and butane is dependent upon the location of 14+ relative

to the C-C and C-H bonds of butane. Thus, certain locations

of 1!" result only in weak interactions with the alkane which

are too small to sufficiently compensate for the dissociation

energy of the M+-L bond. Under these circumstances it is

possible for MCO+'to remain "intact", and insert into a C-H

bond. Interestingly, the gas phase reactions recently

reported for MH+56 and MCH3 and alkanes63 indicate that these

two metal ion-ligand complexes insert exclusively into the

C-H bonds of alkanes unlike W. For example, in the reaction

of NiD+ and ethane, NiCsz+ and HD are formed as the products

(reaction (49)). ‘

N1D+ 02116 —. Nic2H5+ + m) (49)

These results suggest that insertion of NiD” into a C-H bond

occurs as a first step followed by the shift of a 8-H onto

the metal. HD is eliminated in the last step. Note that H2

elimination is not observed in the reaction of Ni"’ and

ethane. Apparently the presence of the H ligand on Ni+ opens

up new pathways for reaction just as the presence of CO on M"

opens up new pathways for H2 elimination.

Recall from chapter 5 that the possibility of CoC0+
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forming stronger bonds to amines than 00+ was raised.

Similarly, MCO" may form stronger bonds to alkanes than M'"

making insertion into the higher energy C-H bond favorable.

[Note that D(C-H) =103 kcallmol and D(C-C) . 85 kcal-lmol].32

Promotion energies9o indicate the amount of energy required

by M+ to achieve an electron configuration conducive to

two-bond formation. Perhaps less promotion energy is required

for MCO+ relative to M+ due to the presence of the ligand

which causes the electron configuration of NCO+ to be

"inherently" more conducive towards bonding to other ligands.

This might explain why CoCO+ reacts with methane and ethane

(Tables 2 and 3) and Co+ does not react at all. The ionic

products of reactions (51)and (53) may involve a 60+ bonded

to an H and an alkyl group.

00* + CH4 -—>N.s. _ (50)

0000+ + CH4 ->Cocn4+ + (:0 (51)

00* + cans —->N.R.
(52)

Coco+ + CZHG —> 0002H5+ + CO (53)

Furthermore, perhaps the concept of promotion energy can be

used to explain the lack of reactivity observed for CoNO+ and

alkanes.

Interestingly, 2,2-dimethylpropane,2,2 dimethylbutane and

2,2,4,4-tetramethylbutane all react with CoCO+ to form a

product in which. the CO ligand is retained while a smaller
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neutral alkane is eliminated. These are the only examples in

which CO retention in the product ion is observed. Each of

these branched alkanes contains at least one neopentyl group.

These results suggest that it is possible for CoCO+ to insert

into the C-C bond of branched alkanes containing a neopentyl

group.

Cows)+ + A _ -—-: OoC5H80+ + (1:4 (54)

Cows)+ + Ay ——-) cocsu8 o + CAHIO (56)

Thus, once CoCO+‘inserts into a C-C bond, a s-hydrogen

shifts, followed by the elimination of.a small neutral

alkane. Note that Co+’reacts with these branched alkanes to

eliminate the same small neutral alkanes as CoCO+ does.

RELATIVE RATES

Reactivity can also be considered in terms of relative

rates. Here we will define the reactivity of MLH4’ [n = 0—2]

in terms of the relative rate at which they react (as opposed

to defining reactivity as the number of different products

MLn+ can form). The relative rates calculated for M43 ML+,

and ML2+ in 2:1 mixtures of alkane to metal compound are

presented in Tables 30 through 32. These relative rates, K,

were estimated from the relative abundances of the reactant

product ion, I (Product), in the mass spectra of the reaction

mixtures using equation (20):
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Table 31. Relative Reaction Rates

in 2:1 Mixtures of Alkanes to Co(c0)3N0

00(C0); + Methane

Ethane

Propane

Butane

Pentane

Hexane

Heptane

Octane

Nonane

Decane

Z-Metnyl pmpane

2.2-Dimethy1propane

Z-Metnylbutane

2,2-Dimethylbutane

2.3-Dimethyl butane

2.2.3,3-Tetrametnylbutane

3-Methylpentane

2 ,4-Dimethyl pentane

2 .2 .4-Trimethyl pentane

2.3.4-Trimethylpentane

n-l
 

1.0

1.0

1.0

0.27

0.78

’ 0.70

0.93

0.21

0.92

1.0

0.19

0.69

0.71

1.0

0.91

1.0

1.0

0.55

1.0

1.0

n-Z

'0

 

0.65

1.0

0.71

0.12

1.0

0.76

0.71

0.74

1.0

1.0

0.79

1.0

0.45

0.17
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Table 32. Relative Reaction Rates

in 2:1 Mixtures of Alkanes to Ni(co)4

"-0 21. 2:2.
N1 (00): + Methane _6' 0 0

Ethane 0 0 0

Prepane 1.0 0.24 0.14

Butane 1.0 0.37 0.05

Pentane 0.32 1.0 0.81

Hexane ' 1.0 0.87 0.77

Heptane 1 .0 0.95 0.58

Octane 1.0 0.19 0.08

Nonane 0.91 1.0 0.53

Decane 1.0 0.82‘ 0.89

Z-Methylpropane 0.15 0.19 1.0

2,2-Dimethy1pr0pane 0.93 1.0 0.88

Z-Methylbutane 0.76 1.0 0.82

2 .2-01methyl butane 1 .0 0.94 0 . 44

2 .3-01methy1 butane 0. 75 1.0 0.48

2,2,3,3-Tetramethy1butane 0.49 1.0 0

3-Methylpentane 0.42 1.0 0.50

2.4-0imethy1pentane 0.63 0.77 1.0

2,2,4-Trinethy1pentane 0.62 1.0 0

2,3,4-Trinethy1pentane 0.99 1.0 0.05
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Table 33. Relative Reaction Rates

in 2:1 Mixtures of Alkanes to Ni(Pr3)‘

+
N1(PF3)n + Methane

Ethane

Propane

Butane

. Pentane

Mexane

Heptane

Octane

Nonane

Decane

Z-Methylpropane

2.2-01methy1propane

Z-Methylbutane

2,2-01methylbutane

2.3-Dimethy1butane

2,2.3,3-Tetramethylbutane

3-Methy1pentane

2,4-0imethy1pentane

2,2,4-Trimethy1pentane

2,3,4-Trimethy1pentane

n=0

0

0

0.10

0.38

1.0

0.44

0.40

0.61

1.0

0.45

0.24

0.72

0.61

1.0

0.62

0.66

0.54

0.47

0.32

0.29

n-l
 

0

0

1.0

1.0

0.70

1.0

1.0

1.0

0.88

0.51

1.0

1.0

1.0

0.72

1.0

1.0

1.0

1.0

1.0

n-Z

0.49,

0.43

0.33

0.52

0.85

1.0

0.90

0.97

0.93

1.0

0.93

0.85

0.12

0.91
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Ill .

Z: 1(Product i)

i=1

K °‘ ,. (20)

min“) + 21(Pmduct1)

1-1

 

The fastest reactions are arbitrarily assigned a magnitude of

1.0 in Tables 30 through 32. These results suggest the

following trends in reactivity for cobalt- and.

nickel-containing ions for ML“+ reacting with an alkane:

mh++A1kane i'Productl

 k

m Product m

+ .. + +
K((b ) - K(&)(D )> K(Co((D)2 ) (57)

m1“) ’-‘-' K(NiCO+)> xm1(oo)2+) (58)

xmfi> Km?) > xmimpzb <59)

idmmelti 2: k1

From reactions (58) and (59), it follows that

xauprf) > mu”) 9 mass“)

Overall, the M'" and 3400* ions react at approximately the same

rate with alkanes. However, when a PF3 ligand is present on

Ni+, NiPF3+ is found to react faster than Ni+. In all cases,

ML+2 reacts most slowly with alkanes.
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SOLUTION CHEMISTRY PARALLELS

Compared to other chemically active molecules containing

multiple bonds or lone pairs of electrons, alkanes, which

consist of stable C-C and C-Ho bonds, have been found to be

relatively inert in condensed phase chemistry. However,

since alkanes are of fundamental importance in the chemical

industry, recently there has been a drive towards devising

systems capable of selectively activating the C-H or_C—C

bonds of alkanes.‘ Many examples of the activation-of C-H

bonds in polar organic molecules by metal complexes in

solution can be found.104 Apparently, polar substituents

make facile activation of the C--H bonds in these molecules

possible.10‘*’115 Alkanes obviously contain no polar

substituents. However, the oxidative addition of a metal to

the C-H bonds of alkanes has been reported recently in’ the

',literature. For example, Crabtree et al. reported the

stoichiometric and selective dehydrogenation of cyclic

alkanes. Apparently, the two acetone ligands in an iridium

complex (which also contained two hydride and two

triphenylphosphine ligands) are so weakly bound to Ir, they

can easily be displaced bydhydrocarbon molecule. Crabtree

suggests that the initial step in this reaction involves the

insertion of Ir into a C-H bond of the alkane.37 This

reaction is carried out in 1,2-dichloroethane, a

noncoordinating solvent. In addition, Bergman et al. have
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reported the discovery of another iridium complex which adds

oxidatively to the C-H bonds in saturated hydrocarbons

leading to the formation of stable hydridoalkyl-metal

complexes. This reaction proceeds at room temperature in a

homogeneous solution. This process is illustrated for

cyclohexane in reaction (60):86

I

Meap—l‘ . . .H UV > Maap—‘r. . .H + H2

" 0

Note that this iridium complex only involves four ligands.

Bergman suggests that upon photolysis the metal complex loses

both of its hydrides as dihydrogen. As a result, the iridium

complex is coordinatively unsaturated and capable of

inserting into a C-H bond of cyclohexane. Furthermore,

Bergman has recently reported that a similar rhenium complex
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activates the C-H bonds in alkanes.116 As these examples may

suggest, in solution the C-H bonds of alkanes are found to be

preferentially activated over the C-C bonds by metal

complexes. Apparently, the activation of C-C bonds is

unfavored due to the steric hindrance that would result from

the interaction of a metal complex and a C-C bond.115 Recall

that similar reasoning was used to explain the preferential

insertion of NCO+ into C-H bonds in alkanes in the gas phase.

Furthermore, Poliakoff and Turner117 suggest that upon

photolysis of Fe(CO)5 in a low-temperature methane matrix,

Fe(CO)5CH4 is formed. Their data indicate that the methane

ligand in this metal complex is intact. These results are

similar to those we presented earlier for the reactions of

ML2+ and alkanes in which we suggested that intact alkanes

were capable of displacing L.

Furthermore, in a study of the correlation between the

activity of platinum crystal surfaces and the catalytic

- reactions of hydrocarbons, Somorjai §_1_:__a_l_. reported 113 .that

highly coordinated atoms are the key components of catalysis

with high turnover rates. Interestingly,their results suggest

that metal-ligand catalysts will break and form H-H and C-H

bonds quite readily. However, unlike a highly uncoordinated

atom in a metallic cluster, metal ligand catalysts lack the

ability to break c-c bonds.118

Thus, preferential attack of C-H bonds in alkanes by

metal-ligand complexes is observed on platinum surfaces. In

addition, Somorjai suggests that highly uncoordinated metal
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atoms in metal clusters are capable of breaking C-C bonds.

These results parallel those observed in the gas phase

reactions of bare metal ions and alkanes where C-C bonds are

preferentially attacked.

Other examples of the activation of C-C bonds by

uncoordinated metal atoms can be found in the literature. For
 

example, zirconium atoms have been reported to add

oxidatively to the C-C (and C-H) bonds of methane, ethane,

propene, and propane at cryogenic temperatures.119

Furthermore, cleavage of the C-C bonds in pentane by nickel

clusters at low temperatures has been reported by Davis and

Klabunde.102 Thus parallels between the observed reactions

for M" in the gas phase and the reactions observed for metal

atoms in condensed phases can also be made.

CONCLUSION

In conclusion, the ligand effects presented in this chapter

have yielded some interesting insights into the gas phase

chemistry of MLn+ (n 8 0,1,2) and alkanes. Evidence

indicating that intact alkanes are capable of displacing CO

or PF3 ligands was presented and rationalized on the basis of

ion-induced dipole and energetic calculations. Also, the

preferential insertion of ML+ into C-H bonds resulting in H2

elimination was discussed in terms of steric effects and
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contrasted to the gas phase chemistry observed for M+.

Finally condensed phase reactions, paralleling the gas phase

reactions, were presented.

Note that, up to this point in time, work in the area of

organometallic gas phase chemistry has centered on the

characterization of the reactions occurring between various

metal-containing ions and organic molecules. The purpose of

this study has been to go beyond characterizing reactions by

gaining new insights into the nature of the interaction

occurring between metal ions and organic molecules in the gas

phase. However, caution must be used in interpreting the

results of the energetic calculations due to the numerous

assumptions (already cited in the text) associated with this

analysis. Furthermore, the author notes that in this

analysis, no consideration of the dynamics associated with

these ion/molecule reactions has been made.



CHAPTER 8

CONCLUSION

Chemical Ionization (CI) mass spectrometry is a

technique in which sample molecules undergo ion/molecule

reactions with reagent ions and thus become ionized. Since

the energy transferred to the sample molecule in an

ion/molecule reaction is less than that transferred upon

ionization via conventional 70eV electron impact, CI is

considered a "soft" ionization technique. 'As a result, the

analyte molecule is found to undergo less fragmentation.

Usually the molecular weight of the analyte can be readily

determined from CI mass spectra. Furthermore, unlike the

70eV non-selective electrons in electron impact ionization

reagent ions which react specifically with analyte

' molecules can be chosen for study. Thus CI reactions

frequently yield structural information concerning the'

analyte molecule.

Previously in the area of gas phase organometallic

chemistry, the focus has been on the characterization of

the reactions of metal and metal—containing ions with

organic molecules. A mechanism involving a metal ion

insertion/ B-hydrogen shift/competitive ligand loss

sequence has been used to explain the formation of the

147
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majority of the product ions observed in these reactions.

If each step in this mechanism were fully understood,

products and branching ratios could be predicted 5 23121.21

making metal ions ideal CI reagents. The metal insertion

step appears to be most important in determining final

product distributions.“3 However, it is the least un-

derstood step of this mechanism. Thus, although previous

studies have provided useful insights into organometallic

gas phase chemistry by revealing that metal ions react

specifically with organic molecules, there is still much

that is not understood about the nature of the interactions

between metal ions and organic molecules. The purpose of

this study was to gain a better understanding of the nature

of this interaction.

The first part of the discussion, Chapter 5, provided a

characterization of the gas phase reactions of cobalt and

cobalt-containing ions with secondary and tertiary amines.

This chapter illustrated the utility of Co(CO)3NO as a CI

reagent. It was shown that Co+ produced from 70eV electron

impact reacted specifically with amines. The mechanism

consistent with the formation of product ions involved the

oxidative addition of Co‘*' to C-C and C-H bonds followed by

a B-hydrogen atom transfer to the metal and then the

elimination of a small neutral molecule such as H2 or C2H6.

Knowledge of this mechanism allowed one to interpret the

mass spectra of amines assigning structures to all of the
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product peaks. Thus, specific structural information could

be formulated since the observed chemistry depended upon

the structures of the reactant amines. Furthermore, a

characteristic series of ligand substitution reactions was

observed yielding molecular weight information.

Metal and metal-containing ions were also found to

react specifically with alkanes. Analogous to the amine

chemistry, the observed product ions in alkane mixtures

were indicative of initial metal ion insertion into C-0 and

C-H bonds. The data suggested that metal ions prefer-

entially inserted into the C-C bonds of alkanes rather

than into C-H bonds.

The purpose of Chapter 6 was to gain a better

understanding of the insertion process as it occurs in

alkanes. (Note that the functional group, X, in polar

molecules, RX, may have a strong effect in "directing" the

site of attack of the metal ion to certain skeletal bonds

which may not be attacked in the corresponding alkane

(RH).19 In the gas phase chemistry of M+(M-Fe, Co, Ni) with

alkanes, the metal ion can insert into a number of C-C

bonds to form intermediates of the type R-M+-R'. As

indicated by the product distributions, insertion into

certain C-C bonds is preferred over others. To explain

this observation, a correlation between the preference by

14* for insertion into a particular skeletal bond and the

ionization potentials of the alkyl radicals formed upon
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insertion was noted. This correlation suggests an inverse

relationship between IP(CnH2n+1) and D(M+-CnH2n+1),i.e. ,

IP decreases and bond energy increases as n increases. A

similar relationship between IP and bond strengths of alkyl

radicals to other cations such as Hg+ was presented

supporting this suggestion. Thus, this correlation may

suggest that the preferred intermediates resulting from M‘"

insertion into the C-C bonds of alkanes involve those in

which the (W—R) bonds which are formed are the strongest.

Finally in Chapter 7, ligand effects observed in the

reactions of metal-containing ions and alkanes were

discussed. With the addition of one or two ligands, three

types of behavior were observed:

1. Ligand acted as a "spectator" and ML'" reacted with

an alkane just as M" did.

2. As the number of ligands on the metal exceeded

one, ligand substitution products were favored.

3. The amount of H2 elimination increased for MCO“: as

the size of the alkane increased implying that

insertion into C-H bonds is favored by MCO+.

Differences in the chemistry of 11+ and MLn'" (nsl,2) with

alkanes was explained on the basis of steric effects.

Furthermore, evidence indicating that intact alkanes are

capable of displacing C0 or PF3 ligands was presented and

rationalized on the basis of ion/induced dipole energetic

calculations. Parallels to condensed phase chemistry

were made .
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